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Abstract
Nowadays, energy saving and environmental awareness are global requirements for
creating a sustainable society.
Every year billions of rolling bearings are manufactured in the world, of which ap-
proximately 90 % are lubricated by grease. There is a consensus in the tribological
community, however, that grease lubrication is not as well understood as oil lubrica-
tion. As predictions of grease performance have not yet been established, increasing
our knowledge of grease lubricated rolling bearings can be considered an efficient way
of reducing power loss, lubricant consumption and environmental pollution.
The purpose of this work is to study the mechanisms of grease lubricated rolling
contacts and the influence of grease formulation on rolling bearings performance,
especially in the early stages of grease life when the availability of the oil released
from the grease is sufficient to ensure full film formation.
These are the principal axes around which the present work is constructed:
• study of the grease lubrication mechanisms over grease life, with emphasis on
the early stages of grease lubrication;
• characterization of the grease properties found to be closely related to grease
performance in the early stages of lubrication, namely bleed-oil viscosity;
• analysis of the operating conditions’ influence on film thickness and traction
behaviour of lubricating greases in single contact tests;
• rolling bearing friction torque measurements and predictions based on single
contact test results and on the SKF friction torque model.
Furthermore, due to the significant changes on grease lubrication mechanisms and
performance with running time, the authors also include a brief study of degraded
greases in order to better understand how grease functions in its later stages of life.
ix

Suma´rio
Hoje em dia a reduc¸a˜o do consumo energe´tico e a conscieˆncia ambiental sa˜o requ´ısitos
mı´nimos para alcanc¸ar uma sociedade sustenta´vel. O aumento do n´ıvel de conheci-
mento dos mecanismos de lubrificac¸a˜o de rolamentos lubrificados por massa e´ um
modo eficiente de reduzir as perdas de poteˆncia, o consumo de lubrificantes e a po-
luic¸a˜o ambiental, uma vez que milhares de milho˜es de rolamentos sa˜o produzidos
todos os anos, e que aproximadamente 90 % destes sa˜o lubrificados por massa.
Para ale´m disso, existe um consenso geral na comunidade tribolo´gica que os meca-
nismos de lubrificac¸a˜o da massa na˜o sa˜o ta˜o bem conhecidos como os dos o´leos. Con-
sequentemente, as ferramentes que preveˆem o desempenho dos elementos mecaˆnicos
lubrificados por massa na˜o esta˜o bem consolidadas.
Por tanto, o presente trabalho destina-se ao estudo dos mecanismos de lubrificac¸a˜o
das massas e da influeˆncia da sua formulac¸a˜o no desempenho de rolamentos durante
a fase inicial de lubrificac¸a˜o, e foi desenvolvido em volta de quatro eixos principais:
• Estudo dos mecanismos de lubrificac¸a˜o das massas consoante o tempo de operac¸a˜o;
• Caracterizac¸a˜o das propriedades das massas que esta˜o intimamente relaciona-
das com a seu desempenho na fase inicial de lubrificac¸a˜o, nomeadamente a
viscosidade do o´leo extra´ıdo da massa;
• Ana´lise da influeˆncia das condic¸o˜es de operac¸a˜o na formac¸a˜o de filme e no
coeficiente de atrito medido num contato bola-disco;
• Medic¸a˜o do momento de atrito interno de rolamento, e a previsa˜o deste ba-
seada nos resultados experimentais obtidos nos testes bola-disco e no modelo
desenvolvido pela SKF.
Para ale´m disso, devido as significantes alterac¸o˜es no desempenho e nos mecanismos
de lubricac¸a˜o das massas com o tempo de operac¸a˜o, um breve estudo sobre massas
degradadas relacionando a vida u´til destas com os seus mecanismos de lubrificac¸a˜o
sera´ apresentado.
xi

Sommaire
Aujourd’hui, e´conomies d’e´nergie et pre´occupations e´cologiques sont des ingre´dients
ne´cessaires au soutien dun de´veloppement durable.
Chaque anne´e, des milliards de roulements sont fabrique´s dans le monde, « 90 %
d’entre eux lubrifie´ a´ la graisse. Toutefois, la communaute´ des tribologues s’accorde
a` affirmer que la lubrification la graisse n’est pas aussi bien comprise que la lubrifi-
cation a` l’huile. Par conse´quent, la pre´vision de la performance des graisses n’est pas
encore rigoureusement e´tablie. L’accroissement des connaissances sur les roulements
lubrifie´s a` la graisse est alors un moyen efficace de re´duire la perte de puissance, la
consommation de lubrifiant et la pollution.
Pour toutes ces raisons, le pre´sent travail vise a` e´tudier les me´canismes du contact
roulant lubrifie´ a` la graisse; ainsi que l’influence de la formulation de la graisse sur
la performance des roulements, particulie`rement dans les premiers stades de la vie
de la graisse, quand la disponibilite´ de l’huile libe´re´e de la graisse est suffisante pour
assurer la formation d’un film complet.
Les principaux axes autour desquels le pre´sent ouvrage est construit sont les sui-
vants:
• E´tude des me´canismes de lubrification a` la graisse durant la vie de la graisse,
en mettant l’accent sur les premiers stades de graissage;
• Caracte´risation des proprie´te´s de la graisse, qui se trouvent eˆtre e´troitement
lie´es a` la performance de la graisse dans les premiers stades de la lubrification,
a` savoir la viscosite´ de l’huile de purge;
• Analyse de l’influence des conditions de fonctionnement sur l’e´paisseur de film
et le comportement de traction des graisses dans des tests de contact unique;
• Mesure des couples de frottement de roulements a` billes et leur pre´diction,
base´es sur les re´sultats des tests de contact unique et sur le mode`le de couple
de frottement SKF.
En outre, en raison des changements importants qui se produisent au long du
temps sur les me´canismes de lubrification a` la graisse et leur performance, une bre`ve
e´tude sur les graisses de´grade´es est e´galement pre´sente´es afin de comprendre comment
fonctionne la graisse dans les derniers stades de sa vie.
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1. Introduction
Ever since rolling bearings and lubricating greases were first used there has been
a constant demand for increasing their lifetime, power density and efficiency. Fur-
thermore, growing environmental awareness has led to an increasing interest in biode-
gradable non-toxic lubricants. Likewise, new grease formulations and bearing designs
have been developed and significant efforts have been directed at predicting grease
performance in rolling bearings.
Furthermore, grease lubrication mechanisms and, mostly, new grease formulations
are very complex and not yet well understood. Consequently, predictive tools are
not as well established for grease lubricated contacts as they are for oil lubricated
contacts.
Nowadays, nearly 90 % of the rolling bearings are grease lubricated [9]. Since the
main function of these rolling bearings is to transmit load at very low friction, the
importance of understanding internal friction in rolling bearings becomes relevant
when energy saving is a global requirement in our society.
During the last decades intensive research work has been done regarding the tri-
bological and structural changes that take place on Lithium-thickened mineral-based
greases under some influencing parameters (temperature, speed, shear stress, grease
formulation, contamination, etc.) [10–16]. There have been significant advances and
the assumption that grease rolling contacts operating under high shear rates are lub-
ricated mostly by the grease base oil on the top of a thin sheared thickener layer is
well-accepted by many researchers [17]. Subsequently, most of the analytical tools de-
veloped to predict grease film thickness [18–21], traction behaviour [22,23] and rolling
bearing friction torque [8, 24] only take into account the grease base oil properties
and neglect the interaction between thickener, additives and base oil.
It has already been shown, however, that the oil released from the grease, which
carries information regarding the thickener-additive-base oil interaction, can possess
significantly different properties from the base oil [3, 4, 25]. This suggests that a
different approach should be used in order to characterize the grease behaviour in an
EHL contact.
1
1. Introduction
1.1. Aim and Thesis Outline
TThe main purpose of this work is to investigate the influence of grease formulation
on rolling bearing performance in the early stages of grease life. The work is also
directed at increasing knowledge of the field of grease lubrication rolling contacts,
thereby contributing to the understanding of grease lubrication mechanisms and to
the development of predictive tools, in particular those related to film formation and
rolling bearing friction torque. These objectives were approached in four parts.
The first part analyses grease lubrication mechanisms and how they affect bearing
performance and it is based on friction torque experiments and literature review.
From that, it was verified that the oil released from the grease is most probably the
dominant lubrication mechanism during the early stage of grease life (first few hours
/ days).
IIn the second part, the lubricating greases, their corresponding thickeners, base
oils and bleed-oils1 were characterized in order to determine the influence of grease
formulation on the bleed-oil physical and chemical properties. Film thickness meas-
urements were then performed with the lubricating greases, their base oils and bleed-
oils to verify whether bleed-oil can indeed be considered the active lubricant2 in grease
lubricated contacts when operating under the fully-flooded conditions that occur in
the early stage of grease life.
In the third part, traction coefficient measurements of the lubricating greases were
carried out with a view to understanding traction behaviour under controlled tem-
peratures, entrainment speed, slide-to-roll ratio and replenishment conditions.
Lastly, in the fourth and last part, full rolling bearing tests were performed with
a view to measuring the bearing friction torque and bearing operating temperatures.
These measurements were related, by means of the new SKF friction torque model,
to the results obtained in the first three parts. Important correction factors were thus
integrated in the rolling bearing friction torque model, optimizing it for thrust ball
bearings.
Although this thesis focuses on understanding grease lubrication mechanisms and
their impact in rolling bearing performance during the initial stages of grease life, a
brief study of degraded greases is also presented with a view to understanding the
lubrication mechanisms nearer the end of grease life.
This Thesis consists of eight chapters including this Introductory Chapter, which
justifies the importance of increasing our knowledge of grease lubrication in rolling
bearings, and consequently of this work. The work briefly presents an overview of
1Oil released from the grease under static or dynamic conditions.
2The lubricant that enters in the contact, thus forming the film thickness and generating friction.
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1.1. Aim and Thesis Outline
current knowledge of grease lubrication mechanisms, identifies areas needing improve-
ment and, lastly, presents a strategy for understanding grease formulation influence
on the early stages of bearing performance.
Chapter 2 Grease composition and properties briefly summarizes the import-
ance of lubrication, the history of lubricating greases and the principle characteristics
of the different types of lubricants. This is then followed by a general study of lub-
ricating greases and their components (base oil, additives and thickener), mostly
related to the typical physico-chemical properties and rheological response of greases
and their base oils. Finally, the base oil, thickener and additive types and main char-
acteristics are briefly described, and the importance of the manufacturing process is
outlined.
Chapter 3 Experimental characterization of the lubricating greases presents
the experiments performed to characterize the lubricating greases and their constitu-
ents, as well as the test procedures and the pre and post-test analyses that were
performed.
In Chapter 4 Lubricant film thickness in a grease and oil lubricated con-
tact, film thickness measurements carried out in a ball-on-disc device with the lubric-
ating greases, their base oils and bleed-oils are presented. Film thickness predictions
of Newtonian and non-Newtonian fluids are discussed and applied to the experimental
results. Test procedures, pre and post-test analyses are also presented.
In Chapter 5 Traction coefficient in a grease lubricated contact, the friction
behaviour of lubricating greases is described in a wide range of operating conditions.
Test procedures, pre and post-test analyses are also presented.
Chapter 6 Rolling bearing friction torque presents the friction torque meas-
urements. The new SKF friction torque model is explored by adding the knowledge
obtained in Chapters 3, 4 and 5. The friction torque device, the procedures, pre and
post test analyses are also presented.
Chapter 7 Grease degradation describes an aging procedure developed for sim-
ulating lubricating greases during their later stage in life. All the lubricating greases
were then aged and the techniques described in Chapters 3 to 6 were applied. A
comparison between fresh and aged greases is presented.
The Chapter 8 General conclusions and future work discusses the main con-
clusions of this work and suggests some ideas for future work.
3
1. Introduction
1.2. Integration in the R&D activities of the Research
Group (CETRIB-INEGI)
The research work presented in this thesis was developed and performed whilst the
author and the Research Group participated in three research projects:
• BIOMON - Toward long-life biolubricants using advanced design and
monitoring tools. The aim of this R&D project was to develop long life bio
lubricants based on high-performance native esters and high temperature and
oxidation-resistant biodegradable greases based on polyurea thickeners mixed
with native esters. The purpose of the project was directed at increasing speed
limits and performance by 10-20 %, reducing wear by 20 % and improving life
proportionally by comparison to actual lubricants. The use of advanced tools
and a 10 % decrease in the amount of lubricant used should help to reduce
maintenance costs by approximately 30 %. This R&D project received financial
support from the European Union through Contract Reference n. BIOMON-
COOP-508208.
• Low friction, biodegradable and low toxicity greases for rolling bear-
ings. The aim of this R&D project was to evaluate and compare biodegradable
non-toxic greases for rolling bearings to conventional ones in terms of wear and
power loss. Researchers hoped to develop/optimize a rolling bearing energetic
(energy loss vs. heat evacuation) model that incorporates different sources of
friction and takes the grease formulation into account. This R&D project re-
ceived financial support from the Portuguese “Fundac¸a˜o para a Cieˆncia e Tecno-
logia - FCT” through Contract Reference n. PTDC/EME-PME/72641/2006.
• Rheology, starvation and tribofilms in grease lubricated rolling bear-
ings. The purpose of this on-going R&D project is to understand and quantify
lubricant replenishment and contact starvation with regards to three major
parameters: bearing geometry, bearing kinematics and bleed oil characterist-
ics. It also aims at quantifying how thickener fibres (Lithium, Polypropylene,
...), base oil nature (mineral, PAO, Ester) and additives influence the genera-
tion/removal mechanisms of tribofilms inside the contact, as well as tribofilm in-
fluence on friction generation. This R&D project has received financial support
from the Portuguese “Fundac¸a˜o para a Cieˆncia e Tecnologia - FCT” through
Contract Reference n. PTDC/EME-PME/122271/2010.
This research work was also supported by FCT, through the following individual
Doctoral Degree grant (Contract reference n. SFRH/BD/70684/2010):
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• Power loss in grease lubricated rolling bearings. The purpose of this
grant was to continue the work developed on the previous projects, focusing on
bleed-oil properties and their influence on grease tribological performance.
The authors research papers referred to in this thesis were based on his work as
a member of the aforementioned projects, with a view to disseminating the said
projects, and in agreement with the respective contracts.
More than 10 lubricating greases were studied under these projects and the thesis
work. Because of time and test rig constraints, however, only three of these greases
were analysed in full detail and are presented in this thesis. Nevertheless, some of the
results obtained with the other greases were used because certain conclusions were
more consistent when several, instead of only three, greases were compared.
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2.1. Introduction
The main purpose of using a lubricant is to reduce friction and minimize wear
between two or more surfaces in relative motion. Theoretically, any substance -
solid, liquid or gas - interposed between two surfaces to facilitate their relative slip
is a potential lubricant. Many other characteristics, however, are often demanded of
the lubricants: generation of a separation of the surfaces, low shear strength, good
thermal conductivity, good oxidation and corrosion protection ability. Furthermore,
environmental concerns have added biodegradability and low-toxicity requirements
to the lubricants.
In an elasto-hydrodynamic contact the lubricant flows extremely swiftly (« 1 ms)
through the contact, suffers a pressure shock of « 1 GPa or higher, is submitted to de-
formation rates that can reach « 10`7 s´1, and temperature rises above 100 ˝C . Such
conditions, characterized by high and rapid variations in pressure and temperature,
dramatically alter the properties of the lubricant. Consequently, characterization of
the physical, chemical, rheological and tribological behaviour of the lubricant inside
the contact is challenging.
Such characterization is even more complex when greases are used as lubricants,
since their lubrication mechanisms are not as well understood as compared to oil lub-
rication mechanisms [17]. Furthermore, it is known that the properties of lubricating
greases may change significantly and very quickly over time depending on the oper-
ating conditions [26, 27]. Some greases after running less than 1 % of their lifetime
in rolling bearings can present rheological differences greater than 100 % with few
chemical changes, as will be shown in Chapter 7.
Such complexity is expressed by the significant number of standard and nonstand-
ard test methods used to qualify lubricating greases and their constituents, of which
most are very demanding in terms of consumables, time and people.
A brief description of the importance of lubrication, the history of lubricating
greases and their main characteristics are presented in this chapter. This is followed
by a more in-depth explanation of some of the many tests often used to characterize
7
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lubricating greases and their constituents.
2.2. Importance of lubrication
At the engineering level, the main functions of lubricants are friction control and
wear minimization by reducing the metal-to-metal contact between components. In
elasto-hydrodynamic lubrication, however, the lubricant also has several other sec-
ondary functions, such as:
• Cleaning: lubricants maintain internal cleanliness by suspending contaminants
within the fluid or by preventing the contaminants from adhering to the oper-
ating surfaces;
• Cooling: by reducing friction, minimizes heat generated by the moving parts,
which lowers the overall operating temperature of the equipment. Lubricants
also absorb heat from the contacting surfaces and transport it to locations where
it can be safely dispersed, such as the oil sump;
• Protection: a lubricant must be able to prevent or minimize internal component
corrosion. Lubricants accomplish this either by chemically neutralizing corros-
ive products or by creating a barrier between the components and the corrosive
material;
• Sealing: lubricants act as a dynamic seal like grease on rolling bearings, which
prevents external contamination from coming into the bearing;
• Dampening Shock: a lubricant can cushion the blow of mechanical shock. A
highly functional lubricant film can resist rupture and absorb and disperse
energy spikes over a broad contact area. As mechanical shock on components is
dampened, wear and damaging forces are minimized, thus extending the overall
operating life of the components.
The economic relevance of lubrication was put into evidence in 1966 through the
so called Jost Report [28], which estimated savings of about 700 millions of pounds
per year if the concepts of correct lubrication were used. From then on research in
tribology has grown every year.
It is estimated that nowadays, approximately one third of all energy used in in-
dustrial countries goes to overcome friction [29]. High friction often results in high
wear and machinery breakdown and more than 30 % of production in industry goes
to replace worn-out products with new ones. Furthermore, machinery breakdown
8
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of may also result in safety risks and environmental pollution. Therefore, reducing
friction and controlling wear is a major challenge in our attempt to achieve a sustain-
able society with low energy consumption and reduced environmental climate change
effects [29].
As described earlier, friction and wear control are often secured by lubrication. It
is also important to point out, however, that lubricants are a common pollutant in
a wide range of industries [30]. In some cases, lubrication systems are designed to
compensate for lubrication loss with periodic re-lubrication; unfortunately, the lubric-
ants are released into the environment without treatment, thus forming a significant
source of water and earth pollution. Although lubricants are already formulated with
a special regard for biodegradability and ecotoxicity, replacement of conventional lub-
ricants by biodegradable formulations has been very slow.
Growing concerns for the need to reduce friction and wear are demonstrated by
the increasing number of papers published in the field of Tribology in the last decade
(increasing at a rate of approximately 60 %). According to SJR1 [31], more than
11,000 papers were published in tribology journals with higher SJR, such as: Wear,
Tribology International, Tribology Letters, Journal of Tribology, Tribology Trans-
action and Journal of Engineering Tribology, Part J. These data were obtained in
December 2012 and are presented in Table 2.1.
Of these 11,000 papers published, although approximately 9,000 are related to
lubricating oils and greases, only 1 in every 6 to 9 papers refers to lubricating greases2.
It was already to be expected since the global business for grease, which represent only
9 % of the estimated total lubricant consumption in the world (data from 2004) [32],
does not allow for large research programs.
1SCImago Journal Rank indicator. A measure of a journals impact, influence or prestige, it
expresses the average number of weighted citations received in a given year according to the number
of papers published in the journal in the three previous years.
2Data obtained from Scopus (www.scopus.com) and ISI Web of Knowledge
(apps.webofknowledge.com). The constrains used as input in both websites were: Lubricat-
ing grease(s) and Lubricating oil(s). The search ran between 1999 and 2011.
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2.3. History of grease lubrication
2.3. History of grease lubrication
The technology of lubrication has been used since ancient times, when massive rock
slabs were moved to build the pyramids. The recorded use of lubricants animal fats
or vegetable oils - dates back almost to the birth of civilization.
Ancient inscriptions dating back to 3500 to 2500 B.C. suggests that grease-like
lubricants were already known to the Sumerians who used them in their wheeled
vehicles [33]. As early as 1400 B.C., Egyptians are said to have used grease made from
olive oil or tallow (animal fats) and lime to lubricate the axles on the chariot wheel
[34]. From these very early roots, efforts to reduce friction depended on relatively
abundant animal fats and vegetable-based oils.
During the Middle Ages (450-1450 A.D.) there was a steady development in the use
of lubricants, but it was not until 1600-1850 A.D. (particularly during the industrial
revolution in 1750-1850 A.D.) that the value of lubricants in decreasing friction and
wear was recognized.
The first grease of the industrial age, a calcium grease made from olive oil or tallow,
was probably patented by Partridg [35] in 1835. About 10 years later, greases based
on mineral oils and thickened with soaps were probably first proposed by Raecz [36].
In 1849,, William Little [37] patented a sodium grease made from tallow and from then
on, many other grease types were developed. During the 1930s and 1940s calcium,
lithium and barium-thickened greases were developed as multi-purpose lubricants.
The 1950s was the age of aluminium complex greases and the 1960, that of lithium
complex thickened greases. Later, the 1980s saw the first use of polyurea and the
1990s, the development of polypropylene greases.
Further developments in grease lubrication are expected due to ever-increasing
demands for long life, higher speed, higher running temperatures, higher performance
in different types of materials (steel, aluminium, composites, etc.) and compatibility
with the mechanical seals, as well as increasing global environmental concerns, that
the future will bring.
According to specialists from the European Lubricating Grease Institute (ELGI),
fundamental research able to describe the basic principles of grease lubrication is still
just in its infancy and presents a major challenge for current and future researchers
and grease manufacturers [38].
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2.4. Grease definition
The most common definition of lubricating grease is the one put forward by The
American Society for Testing and Materials (ASTM D 288): “A solid to semi fluid
product of a thickening agent in a liquid lubricant, other ingredients imparting special
properties may be included.” [39].
This means that a lubricating grease is a thickened (not a thick) oil. It also states
that grease is based on a multiphase system consisting of at least two well-defined
components, namely a thickener and a lubricant fluid. The “other ingredients” refers
to additives and co-thickeners.
The typical distribution of these components is 65 to 95 wt % base oil, from 5 to 35
wt % thickener (and co-thickener) and from 0 to 10 wt % additives [40]. Nowadays,
nano particles are also used in grease formulation as replacements for some additives
[41–44].
These separate components form a multi-phase matrix and coexist like “water in
a sponge”, where the thickener system is the sponge and the base oil is the “water”.
Although not strictly scientific, this illustration is useful in conceptualising certain
problems arising from the use of lubricating greases.
Such a composition endows the grease with a certain consistency and a viscoelastic
semi-plastic behaviour that gives it many advantages over lubricant fluids. Although
each of its components plays a very important role in the lubrication process, their
effectiveness depends on their interaction and on the manufacturing process, which
makes it quite difficult to characterize their individual influence on grease perform-
ance.
2.5. Grease base oil
As described in the previous section, lubricating greases typically contain about
65-95 % base fluid. Consequently, the base oil will exert considerable influence on
the behaviour of the finished grease. In order to fulfil its role in a wide range of ap-
plications, the base oil must contain a combination of appropriate properties such as:
solubility, oxidation stability, evaporation loss, low temperature properties and vis-
cosity. Environmental and health aspects are also requirements. Base oils commonly
used in grease formulation are mineral, triglyceride and synthetic oils.
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2.5.1. Solubility
Perhaps the most important factor in the choice of the base oil is its solubility
characteristics. For both the manufacturing process and the final performance char-
acteristics of the grease, it is important that the solubility of the thickener and that
of the base oil are properly balanced. Optimised solubility will result in:
• Better yield (less thickener is needed to obtain a specific consistency);
• Rapid mixing during manufacturing;
• Less oil separation;
• Better storage stability.
2.5.2. Oxidation stability
Oxidation stability is a lubricant’s ability to resist oxidation. The oxidation process
of lubricants has been already described elsewhere [45–47] and is briefly presented in
Chapter 7. It is important to point out that the oxidation effects on the tribological
performance of the grease is not well known. It is generally accepted, however, that
oxidation reduces lubricant life.
2.5.3. Evaporation loss
The operating temperature of lubricating greases can be relatively high and oil loss
takes place due to evaporation. A low loss of volatile components in the base oil is
therefore desirable. Moreover, high oil losses make the grease too stiff and may lead
to severe starvation conditions.
2.5.4. Low temperature properties
The low temperature properties of the grease are not directly dependent on the pour
point (the lowest temperature at which base oil still flows), but they are significantly
affected by it. Certain thickeners may reduce this temperature even more.
2.5.5. Viscosity
Viscosity and temperature, pressure and shear rate dependency are key base fluid
requirements. Different levels of base oil viscosity have different properties. High
viscosity base oils generally result in:
13
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• Less oil bleed;
• Higher yield (less thickener is needed to obtain the preferred consistency);
• Better performance at the lowest speeds;
• Better load carrying capacity;
• Lower evaporation loss;
• Stronger adhesion;
• Better water resistance.
Low viscosity oils produce:
• Improved heat transfer;
• Better low temperature properties.
For example, high-speed bearings require relatively low viscosity oils and vice versa.
2.5.5.1. Definition of viscosity
The viscosity of a fluid is defined as the resistance opposed by the fluid to internal
shear deformation. This opposing force can be calculated by applying Newton’s for-
mula to the laminar flow between a mobile surface with a velocity V and a fixed
surface, as shown in Figure 2.1.
Since there is relative motion between both surfaces and the no-slip boundary
condition needs to be verified, obviously there will be different “layers” of fluid moving
at different speeds ranging from 0 to V .
Figure 2.1.: Laminar flow between two planar surfaces.
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At any distance y from the fixed surface, the speed of the fluid is v; at a distance
y` dy the speed will be v` dv. Thus, shear stress, represented by τ , can be given as
τ “ ηdv
dy
(2.1)
where η is a characteristic coefficient of the fluid designated by dynamic viscosity and
the derivative dv{dy is the variation of the fluid speed with height, referred as shear
rate 9γ.
The above hypothesis can be experimentally verified for many fluids. These types
of fluids are known as Newtonian fluids. Common fluids such as water and several
oils present this type of behaviour under laminar flow conditions. The presence of
macro molecules or the extreme use (high loads) of these fluids may modify their
behaviour so that the linear proportionality relation between shear stress and shear
rate can no longer be verified. If the above linear relation is no longer valid, the fluid
is then classified as non-Newtonian.
Dynamic viscosity (η) is measured in rotational rheometers and is given in Pascal
second (Pa.s) in the International System.
Kinematic viscosity (ν) is often measured with an Engler Viscometer, but it can
also be calculated from the dynamic viscosity with equation 2.2.
ν “ η
ρ
(2.2)
where ν is the kinematic viscosity in m2{s, commonly represented in mm2{s or cSt
(centistokes) and ρ is the density of the fluid in Kg/m3.
2.5.5.2. Viscosity dependence on temperature
Thermo viscosity is the change of viscosity under varying temperatures. An in-
crease in temperature always has a thinning effect on lubricating oils; i.e., viscosity
diminishes as the temperature rises.
Several models for this dependence have been developed. Thermo viscous beha-
viour is of significant interest to EHD lubrication because it is one of the two lubricant
parameters used as an input for film thickness prediction, as will be shown in Section
4.3.1.
The simplest thermoviscosity law, given by Equation 2.3, was proposed by Cameron
[48]. This equation, however, is only valid for small variations of the reference tem-
perature.
η “ η0ep´β∆T q (2.3)
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Figure 2.2.: Kinematic viscosity versus temperature for a mineral oil using different
viscosity laws.
A more accurate equation that expresses the thermo viscosity of a lubricant is
described in ASTM D341 standard [49], as shown in Equation 2.4.
LogLogpν ` aq “ n´mLogpT q (2.4)
where ν is the kinematic viscosity, T is the temperature in Kelvin and m, n and a
are experimentally determined lubricant dependent constants.
Many other laws such as Vogel’s equation [50] describe the thermo viscous beha-
viour of lubricating oils. Vogel’s equation is said to be a more realistic approximation
for viscosity variation with temperature since three experimental points are required
in order calculate the constants of the equation. Nonetheless, it gives very similar
results as ASTM D341, which requires only two viscosity values that are usually
provided in the technical data sheet for the lubricants.
Figure 2.2 compares the results obtained by means of the above laws.
An arbitrary measure for the change of viscosity with temperature is given by the
viscosity index (VI) as a single number, standardized by ISO 2909 / ASTM D2270-
10e1 [51]. This can be calculated with the following equation
V.I. “ L´ U
L´H ˆ 100 (2.5)
where L and H, which correspond to the viscosity of the reference oil at 100 ˝C , are
read from Table 2.2 from [51], and U is the viscosity at 40 ˝C of the oil of interest.
A schematic representation of the viscosity index definition is given in Figure 2.3.
As shown in the Figure 2.3, high VI values represent low viscosity variations with
temperature and vice versa.
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Figure 2.3.: Schematic representation of the viscosity index definition.
2.5.5.3. Viscosity dependence of pressure
Piezoviscosity is the change of viscosity under varying pressures. Unlike the effect
of temperature, an increase in pressure is always followed by an increase in viscosity.
Several laws describing the viscosity dependence on pressure have been developed.
Piezoviscosity, as well as thermo viscosity, is of significant interest in EHD lubrication
as it is the second lubricant parameter used as an input for predicting film thickness,
as will be shown in Section 4.3.1.
The simplest law describing the variation of viscosity with pressure was proposed
by Barus [52] and is given by equation 2.6, or equation 2.7 when the thermo viscous
effect is also included.
η “ η0T epαpq (2.6)
η “ η0epαp´β∆T q (2.7)
where α is the pressure-viscosity coefficient used in the film thickness equation, given
in Pa´1, β is the thermoviscosity coefficient and p is the pressure that the lubricant
is subjected to.
These equations consider that the piezoviscosity coefficient is pressure-independent
and that it is defined at the oil temperature in the contact inlet. Although this is
satisfactory for minor variations in pressure and temperature, it becomes inaccurate
for pressures above 0.1 GPa and high temperatures.
Roelands [53] proposed another equation that is more accurate than Baruss equa-
tion for high pressures (above 0.1 GPa) and temperatures up to 200 ˝C ,
17
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lnpηq “ plnpη0q ` 9, 67q ˆ
#ˆ
T ´ 138
T0 ´ 138
˙´S0
ˆ
ˆ
1` p
0, 196
˙Z
´ 1
+
(2.8)
Bair [54] however, has criticized the use of Barus and Roelands equations since
measurements at very high pressure have shown that for many liquids, the viscosity
increase with pressure does not follow Barus and Roelands law. In fact, the viscosity
increase with pressure is less than exponential up to a certain pressure (generally
greater than 1 GPa) and greater than exponential after that. Although Bair then
proposed an improvement on Barus and Roelands’ equations, this has failed to be ad-
opted by the tribology community because it requires very challenging and expensive
low and high pressure viscosity measurements.
Consequently, Equations 2.7 and 2.8 are still the most widely used in lubrication
literature, mostly because they are adequate for the resolution of Reynolds equation
for film thickness calculations, as shown in 1959 by Downson and Higgindon’s theor-
etical predictions [55] and later through Crook’s experimental observations [56–59].
Still, even these equations require at least one measurement of the dynamic viscosity
at a non-atmospheric pressure.
In case these measurements are not available, empirical equations have to be used,
such those proposed by Gold et al. [60], So and Klaus [61], Fein [62], among others.
As the values predicted by these equations, however, show very large differences (ą95
%) for the same inputs, this is not advisable. This, together with the fact that high
pressure rheological measurements are difficult and expensive, led to the extrapola-
tion of the pressure-viscosity coefficient (α) from film thickness measurements. Van
Leeuwen showed that such extrapolation produces a less than 5 % error of theα-
value [63]. Bair, however, pointed out that such methodology leads to wrong α
predictions, since it most likely adjust for the neglect of ordinary shear-thinning [64].
2.5.5.4. Viscosity dependence of shear rate
The viscosity dependence of the shear rate is evident in lubricating greases, as
described in Section 2.10.3. However, even the base oil viscosity that exhibits a
Newtonian behaviour under moderate pressures and shear rates, may present a non-
Newtonian behaviour under extreme conditions, such as in EHL conditions where
pressures are typically between 1, 0 ď P0 ď 3 GPa and shear rates of 105 ď 9γ ď
108 s´1.
This occurs up to the point where stress reaches a limiting shear stress. If lubricant
behaviour during the journey through the contact were truly Newtonian and given a
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nearly exponential increase of viscosity with pressure, very high shear stresses and,
consequently, coefficient of frictions would have to be observed. But this is not the
case, since 0.05 is a typical value for the coefficient of friction measured for such
conditions.
The shear rate dependency in this situation used to be defined in terms of shear
stress τ˚ since at the high “pressure zone” of the contact, shear stress is an important
parameter for determining the lubricant coefficient of friction. One of the many
models used to describe the shear thinning effect, and probably the most frequently
used is the Ree-Eyring model [65]:
η
η˚
“
ˆ
τ˚
τE
˙´1
sinh
ˆ
τ˚
τE
˙
(2.9)
whereby, the viscosity is found to be temperature, pressure and shear rate depend-
ent - ηpT, p, 9γq.
2.5.5.5. Other base oil properties
Bulk density
Bulk density is defined as the ratio between the mass of a body and its volume
(kg/m3); like viscosity, it also depends on pressure and temperature. Its approximate
variation with temperature can be calculated using Equation 2.10 [47]:
ρpT q “ ρpT0q ˆ p1´ T ´ T0
1250
q (2.10)
where T is temperature and ρpT0q is the density measured at reference temperature
T0.
Density variation with pressure can be estimated using the empirical equation
proposed by Hamrock [66]:
ρppq “ ρpp0q ˆ
ˆ
1` 0, 6p
1` 1, 7p
˙
(2.11)
where p is pressure and ρpp0q is density measured at the atmospheric pressure p0.
Thermal conductivity
Thermal conductivity is the heat flow that is transferred when a unitary temper-
ature gradient per unit of time flows in a normal direction to a unitary area surface.
Higher thermal conductivity favours heat evacuation, (e.g. when the lubricant is
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cooled on a heat exchanger). This property exhibits linear variation with temperat-
ure and is expressed in W/m˝C .
Specific Heat
This property is of great importance as it defines how much energy is needed to
create a temperature variation of one Kelvin for a unitary mass. For example, in
the inlet zone of an EHD contact, a higher specific lubricant heat generates a lower
temperature increase. Like thermal conductibility, specific heat varies linearly with
temperature and is expressed in J/kgK.
Thermal diffusivity
Thermal diffusivity is the property that describes how temperature spreads on
bodies; it is defined as the ratio between thermal conductivity and the product of
bulk density by its specific heat. This property is expressed in m2{s.
A full description of lubricating oil properties is given in [67].
2.5.6. Base oil types
2.5.6.1. Mineral oils
A mineral oil undergoes a series of processes, depending on the crude and the
technology used in the refining. As a result, mineral oils contain a very wide variety
of chemical components.
A carefully selected blend of different mineral oils based on the type of the carbon
bond is used in lubricating greases:
• Aromatics, for their excellent solubility;
• Naphthenics, for their good low temperature properties;
• Paraffins, for their high viscosity index, low sulphur content and inherent good
oxidative stability.
One of the lubricating greases (LiM1) studied was formulated with a relatively high
viscous mineral base oil. High viscous base stocks contain small amounts of inactive
sulphur that also positively affect the extreme pressure, anti-wear and anti-oxidant
(EP/AW/AO) characteristics (additive effects are presented in Section 2.7).
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2.5.6.2. Synthetic oils
In contrast to mineral oils, synthetic oils are prepared by the reaction of chem-
ical compounds. As such, they can be tailored to provide properties that might be
impossible to achieve using conventional mineral products.
Compared to mineral oils, synthetic base oils typically offer one or more of the
following advantages:
• Higher Viscosity index3;
• Improved thermal and oxidative stability3;
• Low volatility3;
• Improved low temperature flow behaviour;
• Lower internal friction;
• Improved wear performance and load carrying capacity;
• Enhanced corrosion protection;
• Lower toxicity risks due to the absence of aromatics;
• Eventually improved fire resistance.
Typical application areas for greases based on synthetic oils are those requiring a
wider range of operating temperatures or enhanced chemical resistance. Compatibil-
ity with rubber or plastic components and seals, lubrication of non-metallic surfaces
and improved electrical properties are all areas where synthetic base fluids can make
a difference. Besides, environmental considerations such as biodegradability also lead
to the use of synthetic oils. Large-scale use of synthetic base oils, however, has in-
creased slowly because of their considerably higher cost and the relatively recent
development of most of them.
Several groups of synthetic base fluids that may be applied to grease include:
synthetic hydrocarbons (PAOs), alkylated aromatics, esters, polyglycols, silicone oils,
perfluoropolyethers and many others.
Only esters and PAO characteristics are shown below because these are the types
of synthetic base oils used in this work.
3Allows higher operating temperature
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PolyAlphaOlefins (PAO)
PAOs meet many of the requirements of an ideal lubricant. They have high ox-
idative and thermal stability, high Viscosity Indexes (VI), low evaporation rates up
to 160 ˝C and a very low pour point. Although their low polarity leads to poorer
additive solvency, their response to antioxidants and EP/AW additives is better than
that of mineral oils. PAOs are miscible with all mineral oils and esters. Due to their
totally paraffinic structure, PAOs tend to polar shrink seals. To avoid this, they are
usually blended with a small amount of polar oil, such as an ester. Although tradi-
tionally PAOs have been used in aerospace, nowadays they have gained importance in
life time applications. Their relative cost is about three to five times that of mineral
base oils.
Diesters and polyesters
Diesters and polyesters have very good ageing characteristics, favourable evapor-
ation behaviour, excellent low temperature behaviour and viscosity indexes, good
solubility, and are miscible with mineral oils and PAOs. Some of them also biode-
grade rapidly.
Careful selection of sealing materials is necessary, however, and paint coatings may
be affected. Their relative cost is about four to five times that of mineral base oils
2.6. Grease thickener
The thickener system is a key factor in providing a mechanically stable grease
matrix, both over time and under the operating shear within the mechanical com-
ponents. The system must offer a solid structure until operating conditions - such
as load, shear and temperature - initiate a viscoelastic response in the grease. It is
one of the characteristics because of which about 90 % of the rolling bearings are
grease lubricated [9]. In rolling bearing applications, the solid structure of the grease
forms a lubricant reservoir and provides a sealing action (grease attached to the seals
and cage); grease under large shear rates has a viscosity decrease due to its shear
thinning properties, which endows it with excellent flow and lubrication properties
(grease surrounding the contact inlet).
Thickeners also contribute to the extreme pressure and anti-wear qualities of a
grease and additionally, they produce a grease gel capable of carrying additives, ex-
tending their performance to those areas. Water resistance, surface adhesion/tackiness,
dropping point and compatibility with other grease are all properties where the
thickener plays an important role. Besides, as with all other grease components,
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human toxicology, eco-toxicology and the biodegradability of lubricating greases are
also thickener-related and have become important issues.
The thickener structure holds the base oil by mechanical entrapment and a com-
bination of Van der Waals and capillary forces4 [68]. Interaction between thickener
molecules are dipole-dipole, including hydrogen bonding [69] or ionic and Van der
Waals forces [70]. Although this is true for most of soap thickeners, in the case of
non-soap thickeners like Polypropylene (PP) however, these interact only through
Van der Waals forces, and their interaction with the oil is likewise different. The
effectiveness of these forces depends on how these fibres contact each other [9]. When
all their properties are taken into consideration, none of the commercially important
thickeners stand out from the others (see Table 2.2). They are comparably competit-
ive and suited for their tasks. The differences mainly lie in the more special demands
that are made on them [32]. Besides, for the same application, a certain type of
thickener can be better or worse than others in terms of efficiency (power loss and
wear), depending on its interaction with the base oil and additives and the manufac-
turing process. The thickener by itself, although it provides several characteristics to
the greases, does not lead the grease performance.
Table 2.2.: Properties used for comparing thickeners.
Thickener Properties
High temperature Compatibility Tackiness Shear
Low temperature Oil loss Flowability Friction
Aging Toxicity Load Wear
2.6.1. Thickener morphology
The morphology and dispersion of the grease structure is usually examined under
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), Cryo-Scanning Electron Microscopy (cryo-SEM)
and others. However, because of sample preparation, exposure time and incident
energy of the electron beam on the sample, all requirements of the electron microscopy
techniques, there is a real possibility that the thickener might be damaged or changed
in the process.
4A capillary effect occurs because of attractive inter-molecular forces between the liquid and the
solid surrounding surfaces. The effect depends on the surface tension and adhesive forces between
oil and thickener
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The AFM technique, in spite of its possibly not changing the grease structure,
only shows the surface of a sample down the atomic scale; only thickener that is not
dipped in the base oil can be observed. There are different types of light microscopy
techniques where particles can be identified as clusters and agglomerates of several
molecules, yet no evidence is found of fibres or a network structure as discovered by
the SEM techniques [38].
EAlthough each technique offers some advantages over the others, none of them
provides the “perfect picture” of the grease structure and it is possible that the “true
structure” of the lubricating greases is still unknown [38].
Figure 2.4 shows some typical images of the structure of similar lithium greases
formulated with mineral base oil obtained with SEM, AFM and TEM, respectively.
Windows size corresponds to approximately 10 µm.
Figure 2.4.: Photographs of the grease thickener structure using different techniques
for similar Lithium mineral based greases. SEM (left), AFM (center) and
TEM (right).
2.6.2. Thickener types
Grease thickeners are usually classified as:
• Metal soaps;
Simple soap thickener;
Mixed soap based greases;
Functional thickener;
• Non-soap thickener;
Of the many types of thickeners used for formulating greases, only those used in
this work are presented here, namely Lithium and Lithium-Calcium soap thickeners
and Polypropylene non-soap thickeners.
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2.6.2.1. Lithium 12-hydroxy stearate
LiM1 is a lithium 12-hydroxy stearate thickened grease.
Catalysed by developments in the aircraft industry during the late 1930s, the intro-
duction of lithium based greases was heralded as a significant step forward 5. For the
first time, lubrication engineers were provided with a grease which could be classified
as “multipurpose”.
Early lithium soaps were made from simple stearic acid, mainly derived from beef
tallow. Today, almost all lithium greases are based on castor oil derivatives and
12-hydroxy stearic acid [71]. The capabilities of lithium greases include excellent
mechanical stability, good water resistance, high dropping point and reasonably good
high temperature performance up to 120 ˝C .
Lithium thickened greases also respond relatively well to many kinds of additives,
which makes it easier to tailor them to specific conditions and environments.
The lower application temperature limit for a lithium soap thickened grease, as for
all other greases, mainly depends on the physical properties of its base oil.
2.6.2.2. Lithium-Calcium thickener of stearate derivatives
LiCaE is a lithium-calcium thickened grease of stearate derivatives.
Calcium greases came before lithium ones and at the time they were produced by
reacting lime with vegetable oils or animal fats in the presence of water. This grease
was adequate for simple lubrication tasks such as cartwheel and waterwheel shafts
and bearings. However, due to its low melting point (ă 100 ˝C ), calcium grease was
not suitable for high operating temperatures. Nowadays, some calcium thickeners
however, such as anhydrous calcium, have better qualities when compared to lithium
12-hydroxy stearate greases.
The availability of a range of soaps based on different metals encouraged grease
formulators to investigate the effect of mixtures on the final grease. Mixed-based
lithium-calcium greases, for instance, typically show better water resistance and often
better shear stability than pure lithium greases, and they outperform pure calcium
greases with their upper temperature limit. Their properties, however, depend largely
on the relative proportions of two or more soaps. As the proportion of calcium /
lithium is 15 / 85 %, the grease dropping point (185 ˝C ) will be close to that of the
lithium soap alone and its wear and friction performance will be better than those
with pure lithium grades [72].
5patents issued to Clarence Earle in 1942-43.
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2.6.2.3. Polypropylene
PPAO is thickened with high crystallinity polypropylene (isotactic and homopoly-
mer) and an elastomer as a co-thickener. Lubricating grease PPAO was formulated
with a new thickener technology based on polymer compounds with an optimised
crystalline-amorphous balance. This polymer thickener consists of a combination of
different polypropylenes and rubber, resulting in a non-ionic product with controlled
oil separation.
According to Professor Emeritus Bo Jacobson from Lund University in Sweden,
a “controlled” oil separation at low and ambient temperature was already achieved
with this technology. This not only implied releasing the amount of oil at any low
and/or ambient temperatures, but the properties of the released oil also. The amount
and type of oil and even the amount of additives in the released oil could be con-
trolled varying certain parameters in the production process. This technology made
it possible to reduce or eliminate the risk of starvation to be reduced. Moreover,
the temperature dependence of the oil released could be modified, thus endowing the
products with exceptionally low temperature properties 6.
The non-ionic thickener system allows the active components in the additives to
reach the metal surface. Whereas soap-based thickeners will interfere with the ad-
ditives’ reaction by competing for the surface, the polymer system will allow the
additives to win the race for some metal to react with.
Because of the high adhesion and low solubility combination, polymer-based non-
ionic products show good resistance against water and aggressive chemicals and in-
creased surface and corrosion protection. Polymer systems are generally more resist-
ant to oxidation, degradation and centrifugal forces than soap based products.
A comparison between grease thickeners is summarized in Table 2.3. As discussed
earlier, as grease properties depend on its constituents, their interaction and the man-
ufacturing process, the thickener properties classified in Table 2.3 do not necessarily
translate the grease properties.
2.7. Additives
Almost all modern greases contain additives to enhance various aspects of lubricant
performance. Some additives need to be available at the metal surface, whereas others
perform their duty better by being thoroughly dispersed in the base oil or even in
the thickener system.
6Private communication with Professor Emeritus Bo Jacobson, Lund University
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Table 2.3.: Thickener properties. Comparison between the tested greases.
Li-12-OH-stearate Li-Ca PP
Thermal stability good good excellent
Shear stability good good moderate
Water resistance good very good very good
Load carrying capacity good very good moderate
Additive response good good excelent
Low temperatures behaviour poor good very good
Compatibility with other greases good good very good
Solubility and insolubility are key factors in this selection. It is not, however, a
prerequisite in grease formulation once the solid gelled structure of lubricating greases
is capable of retaining both soluble and insoluble additive components within its solid
matrix. In lubricating oils, on the other hand, additives must be soluble or very highly
dispersed in the liquid to avoid phase separation or sedimentation.
At high temperatures certain types of additives may degrade rapidly, thus requiring
very special chemistries for high temperatures greases.
In a soap-thickened grease (LiM1 and LiCaE), additives which need to be present
at the metal surface have to be able to compete with the polar molecules of the
thickener system and/or the polar characteristics of the base oil. The soap itself may
well have already fully coated the metal surface leaving nothing for the additives to
react with. That is not the case of PPAO grease, which has a non-polar thickener.
Since the majority of additives are designed for optimum performance in liquid lub-
ricants such as motor oils and hydraulic fluids, they are often highly polar substances
and can therefore interfere with the thickening mechanisms within a grease. This
interference leads to a breakdown in grease structure and catastrophic de-gelling as
a result, hence the correct selection of functional additives is clearly very significant
in enhancing grease performance.
The most common additives used in lubricating greases are: corrosion inhibitors,
extreme pressure, anti-wear and friction modifiers, which are all surface active, and
the antioxidants and viscosity modifiers, which are bulk active.
Additives used during grease manufacturing are generally unknown by the end-
users and difficult to find out. That is the case of the lubricants analysed in this
work.
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2.7.1. Corrosion inhibitors - CI
The corrosion of grease lubricated steel bearing components, caused by the presence
of atmospheric oxygen, moisture and other aggressive products, can lead to serious
malfunctions. Acidic products that generate corrosion can be formed by thermal and
oxidative decomposition of the lubricant; these already exist in the direct environment
or can be caused by the specific application. The grease itself has a built-in rust
inhibiting property but it is generally not enough.
Corrosion inhibitors for steel rolling bearings are anti-rust additives. These usually
are highly polar oil-soluble compounds that function by absorption on the metal
surface to form a thin protective film, which excludes air and water, thus protecting
the surface from corrosion. Unfortunately, they compete for the metal surface with
other polar additives and in the case of polar thickeners, especially with the thickener.
The most common corrosion inhibitors are zinc naphtenates and calcium sulphon-
ates.
2.7.2. Extreme pressure - EP
With the right thickener and base oil combination, the load carrying capacity of
a properly formulated grease can be achieved by the lubricant film itself. Extreme
pressure additives should therefore only be expected to function in acute situations
and to provide additional protection. Under such circumstances the film thins out
and metal to metal contact can occur; the distribution of lubricating grease becomes
uneven in the contact zone and metal asperities come together, generating heat and
dramatically increasing friction. This usually happens at high temperatures, at low
speeds or during extremely high loading.
All EP additives therefore need to be highly reactive with the metal surface. When
the local temperature rises above a certain critical level, they react and change the
chemistry of the metal surface. With most conventional extreme pressure additives,
the high spot becomes brittle and simply breaks off. Other EP additives change the
hardness of the metal creating smoother surfaces. These micro-mechanisms prevent
the surfaces from welding together.
More traditional additives, based on lead, have already been replaced by sul-
phur and phosphorus compounds and these are, in turn, being replaced by more
environmentally-acceptable products such as bismuth.
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2.7.3. Anti-wear - AW
Anti-wear additives are similar in function to extreme pressure additives, however
they operate at lower temperatures and under less stressful conditions.
These materials normally work by forming some kind of protective monomolecular
film on the metal surface, often by physical adsorption. Thickeners based on metal
soaps can actually provide a certain degree of anti-wear protection and, like soaps,
many anti-wear additives are actually based on long chain, fatty molecules. Such
types of additives can also be used as friction modifiers (FM) to optimise performance
under less critical conditions.
The most common anti-wear additive used nowadays is zinc dialkyldithiophosphate,
usually designated as ZDDP.
2.7.4. Antioxidants - AO
Oxidation can be seen as aging of the grease. The parameters initiating and/or
accelerating this process are oxygen, heat, metals, light and contamination. Unfortu-
nately almost all (or all) of these can be found in grease lubricated rolling bearings.
Lubricant aging can be divided into two different processes:
• reaction of the lubricant molecules with oxygen;
• thermal decomposition at high temperatures.
These processes significantly influence the life and properties of the lubricant.
The antioxidant fights the oxidation through different mechanisms and these can
be split into two groups:
• primary antioxidants or the radical scavengers;
• secondary antioxidants or the peroxide decomposers.
Radical scavengers compete with the lubricant molecule for the reaction with the
reactive radicals, forming stabilized products that are so unreactive that they will
stop the propagation of the auto-oxidation. Peroxide decomposers, on the other
hand, convert the hydro peroxides into non-radical products, thus also preventing
the chain propagation reaction. As the antioxidants try to terminate the free-radical
chain reaction, they are also gradually destroyed in the process
The most common antioxidants are phenol and/or amine derivatives, although
compounds containing sulphur and phosphorus are also used.
The oxidation of lubricating greases is discussed in Chapter 7.
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2.8. Grease performance and characterization
Theoretically, there are twelve main phenomena which must be considered for
grease characterization. These phenomena result in twenty-four requirements for op-
timum performance (Table 2.4) [7]. It is out of question, however, to expect a real
grease to meet all these requirements because there are several performance contra-
dictions. The suitability of a grease for both high and low temperature applications
is, for example, difficult to achieve.
There are more than 50 standard and non-standard grease qualifying tests that
are usually performed when fully characterizing a lubricating grease. A complete
collection of the standard tests is published regularly in the Annual Book of ASTM
Standards [73]. Besides, several analytical methods are applied to the elemental
analysis of lubricating greases:
• X-ray Fluorescence Spectrometry (XRF), Inductively Coupled Plasma atomic
emission (ICP) and Atomic Absorption Spectrometry (AAS) are used for the
quantitative determination of chemical elements. In the grease lubrication field,
these techniques are mostly used to track contaminants, wear particle and ad-
ditive analysis;
• Fourier Transform Infrared Spectroscopy (FTIR) is most suitable for tracking
grease chemical changes due to degradation;
• Nuclear Magnetic Resonance spectroscopy (NMR) has been used to investigate
how a gellant affects the diffusion coefficient of oil in a lubricating grease and
structural issues;
• Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) are thermo
analytical methods mostly used for antioxidant analysis. They monitor mass
changes as a function of temperature and time and also, of pressure and gas
composition;
• Gas Chromatography (GC) and High-Performance Liquid Chromatography
(HPLC) are used to separate grease compounds in analytical chemistry and
biochemistry with a view to identifying and quantifying the individual com-
ponents.
The following sections summarize a few of the most important grease properties in
terms of their lubricating ability under moderate operating conditions.
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Table 2.4.: Twelve phenomena and twenty-four properties of lubricating greases [7].
Twelve phenomena Twenty-four properties
High temperature Maximum thermal stability
Minimum evaporation loss
Maximum viscosity
Low temperature No (regular) crystallization
Minimum viscosity
Aging Maximum oxidation resistance
Resistance to changes in structure
Compatibility No reaction with non-ferrous metals
Maximum corrosion inhibition
Maximum polymer compatibility
Immiscibility with foreign liquids
Deflection of foreign solid matter
Oil loss Optimum oil loss
Toxicity No toxicity
Biodegradability
Tackiness Optimum tackiness
Flowability Optimum relaxation
Maximum pumpability
Load Optimum elasticity
Maximum lubricating film thickness
Maximum emergency running properties
Shear Maximum mechanical stability, or
Optimum relaxation time
Friction Minimum, or optimum friction
Wear Minimum wear.
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2.9. Penetration / Grease consistency
Lubricating greases are classified according to their consistency, which is defined
by the NLGI grade. The cone penetration test of unworked and worked greases that
defines the NLGI grade was established by the National Lubricating Grease Institute
and standardized by ASTM D217 [74] and ASTM D1403 [75], respectively. Table 2.5
shows the nine NLGI grades.
The NLGI grade alone is not sufficient for specifying the grease required for a
particular application. In combination with other test-based properties, however, it
determines quite well the suitability of various greases for a specific application.
The lower the NLGI number, the softer the grease, and therefore, the better it
flows. Greases with higher NLGI numbers are stiffer, tend to stay in place, and are
a good choice when leakage is a concern.
Replacement of the cone penetration method by rotational viscosimetry has been
discussed for several years [76]. Not just to determine yield stress τy, regarding which
there have been many attempts to correlate it with cone penetration values, but also
as a means of describing the viscoelastic semi plastic flow behaviour of lubricating
greases.
Table 2.5.: NLGI grades and the penetration ranges of worked greases.
NLGI grade ASTM worked (60 strokes)
penetration at 25 ˝C (0.1 mm)
Appearance
000 445-475 fluid
00 400-430 semi-fluid
0 355-385 very soft
1 310-340 soft
2 265-295 “normal” grease
3 220-250 firm
4 175-205 very firm
5 130-160 hard
6 85-115 very hard
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2.10. Rheological properties
The flow properties of lubricating greases are probably foremost when qualifying
the performance of grease lubricated rolling bearings [17]. The viscoelastic and fluid-
viscous behaviours are requirements for ensuring great lubricating conditions: lub-
ricating greases should present a viscoelastic behaviour below low shear (G1 ąą G2),
so that they do not flow out of the bearing (seals, cage) and provide a sealing action;
they also should present fluid-viscous behaviour under high shear (G2 ą G1), so that
they do flow smoothly and endow the grease with excellent lubrication properties.
To characterize these two behaviours of lubricating greases properly, one has to know
their yield stress (τy), storage modulus (G
1), loss modulus (G2) and flow curve (shear
stress τ or viscosity η versus shear rate 9γ).
There are many different techniques to measure such parameters, but unfortu-
nately, they often lead to different results. In fact, the nonexistence of a standard
measuring procedure imposes some difficulties in determining grease rheological para-
meters. It might be one of the reasons that there is an on-going discussion of rheolo-
gical measurements, mainly yield stress, since it starts without a consensus [77]. An
exception concerns the flow curve, which is standardised by ASTM D1092 [78], but
fairly used by the tribology community because the test method covers only a low
range of temperatures (from -54 to 38 ˝C ).
Due to the lack of standards for obtaining some rheological parameters, the meas-
ured results always have to be accompanied by a full description of the methodology
and operating conditions used for validating the data.
2.10.1. Yield stress
Yield stress (τy) can be determined and defined in several ways. It is also called
“apparent yield stress” because even though an apparent yield stress could be meas-
ured, creep exists below this stress, and it may present Newtonian behaviour at very
low stresses (Barnes [77]).
Yield stress is defined here as the stress that is required to brake a sufficient number
of contact junctions in the thickener network so that flow will occur. Keentok [79]
summarized the work of more than 12 authors and showed seven different ways usually
used to measure yield stress in the early 1980s. He concluded that yield stress can be
more accurately obtained by using cone or plate geometries with rough surfaces or
with vane geometry7. The influence of the geometry on the rheological measurements
is discussed in Section 3.8.
7Vane geometry could not be used due to the scanty amount of degraded grease obtained from
rolling bearing tests.
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In the present work the yield stress was determined in three different ways:
• Obtained from the flow curves. This is a value of the shear stress in the first
plateau of the curve (transition between Zone 1 and 2 - see Figure 2.10). That
is a traditional methodology for obtaining the yield stress [80].
• Obtained from the oscillatory curves. This is a value between the initial drop of
the storage modulus G1 (end of the LVE - Linear Visco-Elastic region) and the
cross over stress τco when G
1{G2 “ 1 - see Figure 2.6) [81, 82]. It is important
to note that test frequency can influence the yield stress measured according to
the relaxation behaviour of the sample under test, and therefore, obtaining τy
through oscillatory tests is considered a rough approach. The yield stress τy for
some researchers is associated only to the initial drop of G1 since it represents
the onset of non-linearity and hence structure breakdown, while others consider
the cross-over stress to be the yield point since it represents the transition from
solid to liquid-like behaviour [83].
• Obtained from creep tests. This method has already been used by several
authors and is briefly described below [38,84,85].
Creep test is a simple method to determine not just yield stress, but also the
viscoelastic properties of the lubricating greases.
The mobile part of the arrangement (upper plate) is loaded against the grease
sample. After some resting time, a constant shear stress (τ) is then applied for a
certain period of time. The sample reacts to this force with a deformation, i.e. the
material starts to creep. In the second part of the test, the grease is relieved from
the shear stress for a certain period of time so that it may recover.
Figure 2.5 shows the shear strain over time when a constant shear stress is applied
and released successively. In the example given, the shear stress is applied for 3
minutes and relieved for 2 minutes. This is performed twice for each shear stress (τ
= 100, 200 and 400 Pa) at 40 ˝C with a lubricating grease NLGI grade 2.
In Figure 2.5, the first and second graphs (τ = 100 and 200 Pa, respectively)
present a typical elastoplastic behaviour, where the elasticity of the grease is seen by
the recovering of the shear strain. This indicates that the thickener network was not
broken by the previous shearing (τ ă τy). In the third graph (τ = 400 Pa), however,
no strain recovering is observed, thus indicating a viscous fluid behaviour. In this
graph the shear stress destroyed the internal structure of the grease and the material
behaved like a fluid (τ ą τy).
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Figure 2.5.: Creep Test - Shear strain versus time for different applied shear stresses.
This indicates that the absolute value of the yield stress is somewhere between
τymin “ 200 and τymax “ 400 Pa (graphs 2 and 3), where a transition from elastoplastic
to fluid behaviour is observed.
2.10.2. Oscillatory tests
Small-amplitude oscillatory shear usually describes the linear viscoelastic proper-
ties of lubricating greases, where an oscillatory shear rate of increasing amplitude at
constant frequency is applied at different temperatures. Storage (G1) and loss (G2)
moduli are obtained from these measurements (see Figure 2.6). For Newtonian fluids,
storage modulus (G1) is insignificant.
The storage modulus is related to the elasticity of the grease; the highest is the
G1{G2 ratio, the highest is the grease stiffness. The loss modulus is related to the
viscous part of the grease; the highest is the G2{G1 ratio, the highest is the fluidity
of the grease.
In the linear viscoelastic region - LVE (see Figure 2.6), the storage and loss moduli
are independent of the magnitude of the applied stress/strain and a plateau zone is
observed. At this level the dissipative modulus G2 presented much lower values than
storage modulus G1 (G1 ąą G2) and the grease behaviour was mainly controlled by
its elastic properties, which depend on the type of grease constituents, their quantity
and the interaction between them [3]. As amplitude increases, a rapid decay of G1 is
observed, which is imputed as a significant breakdown in grease structure. Here, the
grease’s capacity to store energy over the energy dissipated becomes less significant,
as it reacts to the stress imposed on the internal structure of the. The storage and
loss moduli curves fell off at different rates and crossed at a stress level which is often
called the cross-over stress, τco (see Figure 2.6).
The complex modulus (G˚) and phase angle (tanpδq) can be calculated from G1
and G2.
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Figure 2.6.: Storage (G1) and Loss (G2) moduli versus oscillatory stress.
The complex modulus is determined by the vector sum of the elastic and the
viscous components of the greases as shown by Equation 2.12. This represents grease
resistance to deformation. The phase angle tan pδq expresses the balance between
elastic and viscous behaviour, and is given by Equation 2.13.
G˚ “ ?G12 `G22 (2.12)
tan pδq “ G
2
G1
(2.13)
2.10.3. Flow tests
Flow curves usually describe the shear stress (τ) and the apparent viscosity (η)
behaviour within a large range of shear rates (10´6 ď 9γ ď 104) and temperatures at
low pressure. Under these operating conditions the Newtonian fluids (such as most
of the base oils) present a linear increase of the shear stress with shear rate and do
not present any change on the viscosity values in log-log scales. Such behaviour is
depicted in Figure 2.7 for a mineral base oil (further described in Section 3.8.1). Non-
Newtonian fluids (such as lubricating greases) however, typically show a non-linear
increase of the shear stress and a reduction of the apparent viscosity with increasing
shear rates This effect is designated as “shear thinning”, and is depicted in Figure
2.8 for a mineral based grease (further described in Section 3.8.4)
There are several models for predicting the shear stress and apparent viscosity
behaviour of lubricating greases. These models are mostly used by tribologists to
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Figure 2.7.: Shear stress and apparent viscosity versus shear rate of a Newtonian fuild
at 40 ˝C (Base oil). Measurements (˛); Rheological model (—).
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Figure 2.8.: Shear stress and apparent viscosity versus shear rate of a non-Newtonian
fuild at 40 ˝C (Grease). Measurements (˛); Rheological model (—).
extrapolate the values of τ and η from low to very high shear rates due to the difficulty
to properly measure them at the range extremes (see Section 3.8), and because it
allows for obtaining numbers from the flow curves, which is more straightforward for
grease comparison. Such extrapolation aims at determining the grease properties in
similar conditions to those observed in grease lubricated machine elements and using
them to model the tribological behaviour of a given system. High-pressure and high
shear rate rheology, however, have not yet been applied to lubricating greases and
37
2. Grease composition and properties
therefore, two assumptions have to be made: i) grease and base oil viscosity and
shear stress likewise vary with pressure; ii) grease viscosity and shear stress at very
high shear rates are equal to those of its base oil. Such assumptions are well accepted
since grease typically consists of 80-90 % base oil.
2.10.3.1. Apparent viscosity
The apparent viscosity of lubricating greases can be depicted as shown in Figure
2.9. At very low shear rates (Zone 1) NLGI-class 2 lubricating greases present a
Newtonian behaviour, where the apparent viscosity does not depend on the shear-
rate (or its dependence is insignificant). At this point viscosity is very high and
only creep flow occurs. At slightly higher shear rates shear thinning occurs (Zone
2), reducing viscosity in orders of magnitude. As the shear rate rises further, shear
thinning becomes less significant up to the moment that the apparent viscosity reaches
the second Newtonian plateau. This second Newtonian behaviour (Zone 3) is believed
to approach the base oil viscosity [86].
In the first zone, the grease behaves as Newtonian because there is no rupture of
the thickener fibres (elastic regime). In the Zone 2, shear thinning may occur for
many reasons as the shear rate increases. This goes from alignment of the fibres, loss
of confluences between them, reduction in width and length due to the break off and
rearrangement of the fibres [70]. In the last zone, the shear rate is so high that the
thickener is completely broken into very small thickener material that is dispersed in
the base oil, and therefore the grease response at that stage is governed by the base oil
with little thickener material, which approaches the base oil behaviour (Newtonian).
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Figure 2.9.: Schematic representation of the apparent viscosity versus shear rate for
lubricating greases. Non-Newtonian behaviour.
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There are several models for predicting the variation of grease viscosity with shear
rate. A complete overview of those models is provided in [87, 88]. When viscosity
measurements for a large shear rate range are available, the Cross model for pseudo-
plastic flow (see Eq. 2.14) [89] describes the variation of the viscosity for the full
shear rate range with reasonable accuracy:
η “ η0 ´ η8
1` pK 9γqm ` η8 (2.14)
where η0 is the viscosity at very low shear rates, η8 is the viscosity at very high shear
rates, often assumed to be equal to the base oil viscosity, and K and m are model
constants. In the present work, η8 is assumed to be equal to the bleed-oil viscosity
due to some evidence noted during the film thickness measurements (see Section 4.4).
2.10.3.2. Shear stress
Shear stress of lubricating greases can be depicted as in Figure 2.10. A divergence
between the continuous line (model) and the dash-dotted line (Grease Meas.) is
observed in Zone 1. Such difference is due to an engineering assumption related to
the yield stress - τy, described in Section 2.10.1.
Similarly to viscosity, at very low shear rates (Zone 1) NLGI-class 2 lubricating
greases present a Newtonian behaviour, where the shear stress shows a linear increase
with increasing shear rate in a log-log plot (the dash-dotted line - Grease Meas.). AAt
this point shear stress is very low and only creep flow occurs. At slightly higher shear
rates the “yield stress - τy” is reached (Zone 2), and the grease flows non-linearly with
the shear rate. As the shear rate increases further, it reaches the second Newtonian
plateau (Zone 3) and is believed to approach the base oil shear stress.
Most rheological models disregard the measured stress at Zone 1 (Grease Meas.)
by adding yield stress τy (Model) to the rheological models, as shown in Figure 2.10
and Equation 2.15. This does not create any inaccuracy as long as the timescale is
short enough [17]. Then again, as many mechanical transmissions work in start/stop
periods of many hours (or even days), such assumption may lead to an incorrect
understanding of the initial lubrication condition after a long stop period.
There are several models for predicting grease shear stress dependence on shear
rate (see [87,88]). In the present work the Cross model, given by Equation 2.14, was
re-written in terms of shear stress as [68]
τ “ τy `
„
η0 ´ η8
1` pK 9γqm ` η8

9γ (2.15)
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Figure 2.10.: Schematic representation of the shear stress versus shear rate for lub-
ricating greases. Non-Newtonian behaviour.
where the yield stress term τy has been added to adjust for the apparent yield at low
shear rates.
Model constants K and m can be determined from equations 2.14 and 2.15 by
fitting them with the experimental results. The τy, η8, η0, K and m are then used
to characterize the grease flow behaviour.
2.10.4. Influence of grease formulation on grease rheology
When comparing the rheological response of lubricating greases to different formu-
lations (thickener and oil type) and different manufacturing processes, the effect of
the oil viscosity or thickener concentration on the rheological parameters is not clear.
However, when all the grease manufacturing variables are kept constant and only the
base oil viscosity and the thickener concentration are changed, that effect becomes
clear. Delgado et al. [14] showed that with increasing thickener concentration:
• storage G1 and loss G2 moduli increase significantly, but the phase angle tan pδq
varies relatively little;
• apparent viscosity η increases significantly;
and when base oil viscosity increases:
• storage modulus G1 decreases;
• loss modulus G2 decreases at a lower rate than G1;
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• phase angle tan pδq increases;
• apparent viscosity η at Zone 1 (see Figure 2.9) decreases;
• apparent viscosity η at Zone 2 (see Figure 2.9) barely change;
• apparent viscosity η at Zone 3 (see Figure 2.9) increases;
From these observations, one can state that grease flow behaviour is mostly con-
trolled by the thickener at low shear rates, although at high shear rates the micro-
structure of the grease is degraded and the oil released from the grease prevails in
controlling flow behaviour. Actually, in the case of large deformations, lubricating
greases consist of non-interacting aggregates of thickener, co-thickener and additive
material dispersed into the lubricating oil, and this is the matter that controls flow
behaviour at high shear rates.
Furthermore, thickener concentration prevails in controlling the viscoelastic be-
haviour of grease (very low shear rate); the oil solvency plays a role in structure
reinforcement by changing grease micro-structure [3]. In this sense, a high oil vis-
cosity acts as a mechanical barrier to the formation of physical entanglements and
interaction among fibres that occurs during crystal growth in the final step of the
grease manufacturing process, creating larger spaces between fibres [14].
2.11. Bleed-oil
Bleed-oil is the designation of the oil that “bleeds” from the grease. The grease
releases oil (bleeds) either through mechanical and/or thermal stress (dynamic oil
bleed) or during storage (static oil bleed).
Static oil bleed occurs naturally with all greases. This phenomenon is affected
during storage by factors such as temperature changes, vibrations and an uneven
grease surface. Under dynamic conditions the bleed rate is affected by operating and
environmental conditions.
The oil bleed rate of the grease is adjusted by optimizing the composition (thickener
and base oil type, properties and concentration, addition of polymers, additives,
etc.) and through the manufacturing process (contactor, open kettle or continuous
production) with a view to dialling in the appropriate amount of bleed needed by the
application. Manufacturing process plays a key role in determining the distribution
of the thickener matrix within the lubricating fluid and, consequently, the bleed
characteristics of the finished lubricating grease. Thus, the ability of lubricating
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greases to retain or release oil depends on their composition and on the manufacturing
process.
Several oil bleed tests were developed in order to comprehend the root cause of
bleeding and its influence on the grease performance. These tests can be classed into
two groups: static and dynamic bleed tests. ASTM D1742 pressure bleed, ASTM
D6184 cone bleed and IP 121 are static bleed tests that can be used for quality control
in grease production. They determine the amount of oil separation from the grease,
which can be related to the situation of the grease in its container during storage or
in the pre-greased equipment when not in service. They are referred to as static tests
because they operate on undisturbed grease exposed to relatively low stresses.
Dynamic bleed tests such as M1066 CGOR (Churned Grease Oil Release, in-house
proprietary test), ASTM D4425 Centrifugal Oil Bleed and Trabon (Method 905A)
determine the amount of oil separation after the grease is mechanically sheared, as
would occur in rolling element bearings, or exposed to high levels of centrifugal stress,
as typically found in shaft couplings and universal joints.
Different oil bleed rates are targeted depending on the end application of the lub-
ricating greases. For very high speed or temperature applications where centrifugal
forces are greatly important, greases are formulated to present a minimum separation
of oil. On the other hand, for applications operating at low speeds or with a recip-
rocal motion of small amplitude there is a little churning of the grease, which requires
grease designed to be sensitive to mechanical shear and to release oil under the effect
of small stresses. High temperatures (up to a certain point - see Chapter 7) increase
bleed rate, leading to rapid loss of oil (leakage, evaporation) and premature grease
ageing. On the other hand, greases with a low although sufficient oil bleed at high
temperatures, may under-perform at ambient temperatures because of oil starvation.
2.12. Grease manufacturing
Manufacturing of any lubricating grease is a complicated process requiring a high
level of investment in terms of capital and manpower. Different greases require dif-
ferent manufacturing methods and each grease plant has its own particular detailed
technology. According to some grease manufacturers, if formulations are regarded as
proprietary and confidential, then the manufacturing processes must be classified as
top secret.
The properties of the greases, especially those based on metal soaps depend not
only on their composition, but also on the way in which the thickeners are prepared.
Delgado et al. [14] manufactured lubricating greases, generating the soap thickener
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in situ and with online viscosity and torque measurements. He also collected grease
samples at different stages in the process for Scanning Electron Microscopy (SEM)
and rheological analysis.
Delgado showed that the rheological properties of the grease, the morphology of
the thickener structure and distribution changed considerably at different stages of
grease production and therefore, lubricating greases with the same formulation but
different manufacturing processes can have significant different properties. Therefore,
grease performance cannot be evaluated solely by its base oil, or thickener, or additive
package. It is their interaction plus the micro-structural characteristics achieved
during processing that are determinant to the grease properties and probably, to
their performance
Grease replenishment mechanisms for example, depend on the flow properties of
the grease, its ability to release oil and its interaction with lubricated surfaces. In
fact, all grease properties are related to the micro-structural characteristics achieved
during processing and their composition, both of which are usually unknown
2.13. Summary
This chapter described the main characteristics of lubricating greases and how
complex they are. Nowadays, it is not just the finished grease that is characterised,
but also its components, especially the base oil. Many of the tests and measurements
that are carried out to characterize lubricating greases are performed in the hopes
of finding correlations with the tribological behaviour of grease lubricated systems,
something which has not been fully achieved.
Scanning Electron Microscopy, for example, is an expensive and time-consuming
technique that has being applied with a view to correlating grease micro-structure
with grease lubrication mechanisms and to visualizing micro-structure changes due to
thermal and mechanical effects. Nevertheless, there is no consensus regarding which
kind of micro-structure is ideal for a given application.
Even some rheological properties that have been extensively studied, such as G1,
G2, G˚, τy, τ, η, tan pδq have already been correlated with traction coefficients, wear
and film thickness measurements, but without great success. To the author’s know-
ledge, there is no general rule that states that some rheological property governs the
friction or film formation.
On the other hand, all these techniques, when applied to grease characterisation,
have helped grease developers achieve certain properties by applying scientific meth-
odologies instead of trial-and-error methods and researchers to better understand the
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grease mechanisms of lubrication. Moreover, as some grease rheological properties
seem to correlate well with grease life, model constants K and m from Equation 2.14
have been used to predict film thickness. This, however, has not attracted the atten-
tion of many researchers so that grease film thickness prediction under fully-flooded
lubrication is still determined the film thickness of its base oil.
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the lubricating greases
3.1. Introduction
Of the many grease properties one can evaluate, some might not be useful for
understanding grease lubrication mechanisms under certain specific operating condi-
tions. Thus, grease characterization should be performed with a well-defined object-
ive, which unfortunately is not always the case.
Characterization of base oil properties (ν, ρ, η, α) and bleed-oil properties (ν, ρ,
η, α, η0, η8, Gcr, n) was determined because they are required for film thickness and
rolling bearing friction torque predictions.
The rheological parameters of lubricating greases (G1, G2, G˚, K, m, τy, τ , η,
tan pδq) were measured / calculated to characterize thickener-oil interaction, grease
flow and viscoelastic characteristics and determine their possible influence on grease
traction behaviour, film thickness and rolling bearing friction torque.
The oil bleed rate of the greases was evaluated in order to correlate them with the
grease rheological parameters and grease micro-structures, as measured by Scanning
Electron Microscopy (SEM)
XRF was applied to determine the grease chemical content, mostly that related to
the additive package.
FTIR was performed to compare the grease, thickener, base oil and bleed-oil spectra
with a view to defining the grease components present in the bleed-oil but absent in
the base oil.
Oil and thickener content were determined to help understanding the grease rhe-
ological behaviour.
All these techniques were also applied to degraded greases in Chapter 7, so that
additive consumption (XRF), oxidation (FTIR), oil loss (remaining oil percentage,
or thickener/oil ratio) and rheological changes could be evaluated and related to the
level of degradation of each grease.
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3.2. General characteristic of the used lubricating
greases
Three lubricating greases with different formulations were analysed. The greases
were named according to their chemical formulation (i.e., thickener + base oil): LiM1
was thickened with lithium and formulated with a mineral base oil; LiCaE was
thickened with lithium and calcium and formulated with an ester base oil; PPAO
was thickened with polypropylene, co-thickened with an elastomer and formulated
with a polyalphaolefin base oil.
All these lubricating greases were fully formulated. The LiCaE grease passed the
test for biodegradability (OECD 301F) and eco-toxicity (OECD 202).
The lubricating greases, their base oils and the physicochemical properties of the
bleed-oils were measured; the results are presented at the end of this Chapter in
Table 3.11. The test conditions and procedures used to obtain these properties are
described in the following sections.
3.3. Scanning Electron Microscopy - SEM
Analysis of the grease micro-structure was performed with a JEOL JSM 35C/
Noran Voyager scanning electron microscope (SEM). This technique is not standard,
which poses some difficulties for the measurements. As the SEM used operates in
a high vacuum environment, wet samples could not be used and the base oil was
separated from the grease. This process is believed to interfere with the thickener
structure. Besides, the exposure time and incident energy of the electron beam on
the sample, which is related to the image quality, can also modify the thickener
structure [90].
So as not to add more entropy to the grease micro-structure analysis, exactly the
same procedure was used to prepare the samples and to obtain the SEM images.
A thin layer of each grease sample was spread on a glass substrate and a non-polar
solvent was used (hexane) to carefully wash the base oil from the grease. The samples
were not covered with any conductive coating film. SEM images were then taken with
the same exposure time, magnifications of 2000X, 5000X and 20000X and a 5 kV
electron beam. The SEM images are shown in Figures 3.1 to 3.3.
Three very different thickener micro-structures were encountered. Such differences
could account for behavioural differences between greases since the micro-structures
can have some effect on the thickeners ability to contain oil and insoluble additives
by mechanical entrapment or capillary effects.
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Figure 3.1.: SEM photographs of the grease thickener structure. LiM1 - Lithium
12-hidroxy stearate.
Figure 3.2.: SEM photographs of the grease thickener structure. LiCaE - Lithium-
Calcium thickener of stearate derivatives.
Figure 3.3.: SEM photographs of the grease thickener structure. PPAO - Polypropyl-
ene.
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LiM1 presented a structured system based on entanglement networks with long
and large lithium fibres. According to Scarlett [91], in most soap-based greases, the
soap presents as fibres or ribbons varying in size from about 1 to 100 µm in length,
with a length to diameter ratio of 10 to 100. In this case the mean diameters of
several fibres were measured from Figure 3.4(a) and have values from 0.06 to 0.2 µm.
LiCaE greases also showed a structured system based on entanglement networks,
however they contained several calcium crystals and the lithium fibres were shorter
and thinner. The average diameter obtained from Figure 3.4(b) varied from 0.04 to
0.13 µm.
PPAO grease was thickened with polypropylene. The polypropylene micro-structure
was very different from LiM1 and LiCaE. Instead of an entanglement network com-
posed of fibres, short, thick elements connected to each other were randomly distrib-
uted. The average thickness of these elements was difficult to measure; it varied from
0.5 to 1.15 µm (Figure 3.4(c)).
Just by comparing the thickener micro-structure of these three greases, and as
regards the thickener’s ability to contain oil by mechanical entrapment, one could
say that:
• PPAO thickener micro-structure is very dense and may constrain the oil mo-
lecules in a more intimate way than lithium fibres;
• As LiCaE thickener is shorter, thinner and the free space between the fibres is
smaller when compared with LiM1, it constrains the oil in a more intimate way
than LiM1.
There are other factors, however, that have to be taken into account when evalu-
ating a thickener’s ability to retain oil, such as the physical and chemical interaction
between thickener and base oil.
According to Delgado et al. [92], the micro-structure also plays a key role in the
rheological properties of greases. For lubricating greases with the same formula-
tion but different manufacturing process, he determined that the high density of the
physical entanglements among fibres leads to high consistency, apparent viscosity
and viscoelastic properties (G1, G2), ”), whilst a lower density of the entanglements
leads to the opposite. The major drawback of these findings is that the rheological
measurements were obtained without a pre-shear program, which may significantly
alter the rheological parameters (see Section 3.8).
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(a)
(b)
(c)
Figure 3.4.: SEM photographs of the LiM1 (top), LiCaE (middle) and PPAO (bot-
tom) grease thickener structure.
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3.4. Static bleed test - IP 121/75
The oil bleed rate was obtained with the static bleed oil test IP 121/75, which
consists of a stainless steel separation cup with a cone-shaped 240 mesh (grid of «
61 µm) woven wire cloth. OOil separation was obtained by placing the grease sample
on the wire mesh and loading it with a 100 g mass during 42 or 168 hours at 40 ˝C .
A picture of the equipment is shown in Figure 3.5.
The amount of oil separated Soil is calculated by Equation 3.1 and presented in
Table 3.1.
Soil “ 100ˆ m
M
(3.1)
where M is the initial mass of the grease sample placed on the wire mesh and m is
the mass of the separated oil measured after 42 or 168 hours.
Figure 3.5.: Bleed-oil Separation Apparatus - IP 121; oil container; 240 mesh filter
cone; metallic mass 100 g.
Table 3.1.: Oil bleed rate according to IP 121 standard: T = 40 ˝C and t = 42 h.
LiM1 LiCaE PPAO
m [mg] 0,79 0,26 0,14
Soil [wt %] 4,21 1,36 0,77
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LiM1 grease released 5,5 times more oil than PPAO grease and 3,0 times more
than LiCaE.
As described in Section 2.6, the thickener structure grasps the base oil by mechan-
ical entrapment and a combination of Van der Waals and capillary forces. Van der
Waals and capillary forces are difficult to evaluate since the grease chemical compos-
ition is not well known. However, mechanical entrapment, which may be related to
the grease micro-structure (see Figures 3.4(a) to 3.4(c)), was in good agreement with
the oil bleed rate, although such a comparison is too subjective.
Over the years, many researchers have claimed that the oil released from lubricating
greases during operation is the major lubrication mechanism of the grease [19,91,93,
94], although not much attention has been spent to the study of bleed-oil properties
and their performance.
Therefore, the main objective of performing the static bleed test was not to evaluate
the oil bleed rate or to comprehend the root cause of the bleeding process and its
influence on the grease properties, but to obtain a significant amount of bleed-oil to
analyse its own characteristics and tribological performance. Accordingly, a modified
IP 121 test was performed at 70 ˝C over a few weeks, where the grease sample was
replaced by a new one every 2 days. Even so, only a few milligrams of bleed-oil were
obtained. Further oil bleed tests were performed at different temperatures (20 to
70 ˝C ) and under dynamic conditions in order to obtain a larger amount of bleed-oil
in less time. The influence of temperature and centrifugal forces were found to be
negligible in bleed-oil viscosity and FTIR spectrum.
3.5. X-ray fluorescence - XRF
X-ray fluorescence (XRF) is the emission of characteristic “secondary” (or fluores-
cent) X-rays from a material that has been excited by bombarding it with high-energy
X-rays or gamma rays. It reveals the relation between the intensity of an element to
its concentration in the sample. In lubricant analysis, XRF can be used for tracking
chemical changes due to degradation and basic element analysis. A translation of
X-ray photon count-rates into elemental concentrations is automatically obtained by
the software of the device: WDX separates the X-ray lines efficiently, and the rate of
generation of secondary photons is proportional to the element concentration. The
number of photons leaving the sample, however, is affected by the physical properties
of the sample and corrections may be needed. That was not the case because the
procedure used was specially developed for grease analysis. The interested reader
may find more about XRF applied to lubricating greases in [95].
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The XRF (SPECTRO XEPOS) used provides, as output, a list of some chem-
ical elements from Sodium (Z=11) to Uranium (Z=92) and their concentration as a
percentage of total mass [wt %].
XRF of LiM1, LiCaE and PPAO greases were analysed at the SKF Engineering and
Research Centre (Nieuwegein, The Netherlands) with a method specially developed
for grease analysis. The lubricating greases were placed in appropriate pans and
weighed before the analysis. An amount of approximately 3 g was used. The mass
of the samples is an important input of the process, since the output is the relative
percentage of the mass of each chemical element present in the sample. Two measure-
ments were carried out and an approximately 10 % error was observed. Furthermore,
some systematic errors can occur due to a matrix effect [96]. Although some tech-
niques such as Inductively Coupled Plasma atomic emission (ICP) are known to give
more reliable elementary information regarding lubricating greases, these techniques
were not available.
Table 3.2 shows the most common elements used for grease additivation and their
concentration as a function of the total mass [wt %].
Table 3.2.: Concentration in percentage of total mass [wt % ˆ10´3] of the grease
chemical content.
Element LiM1 LiCaE PPAO
Phosphorus (P) 120 37 6
Sulphur (S) 1649 102 581
Calcium (Ca) 3 3145 22
Zinc (Zn) 285 29 -
Lead (Pb) 8 - 14
Bismuth (Bi) - - 717
As described in Section 2.7, some of the most common additives are:
• Antioxidants: the most common AO are phenol and/or amine derivatives, al-
though compounds containing Sulphur and Phosphorus are also used.
• Corrosion inhibitors: the most common CI are Zinc naphtenates and Calcium
sulphonates.
• Extreme pressure additives: the most traditional EP additives, based on lead,
have already been replaced by Sulphur and Phosphorus compounds, and these,
in turn, are being replaced by more environmentally acceptable products such
as Bismuth-based additives.
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• Anti-wear additives: the most common is Zinc dialkyldiphosphate (ZDDP),
although Bismuth, Phosphorus and Sulphur are also common
Phenol and amine derivatives are not detected by XRF technique, but they may be
present in all greases since all of them are fully formulated and their technical data
sheets indicate a good protection against oxidation and corrosion.
LiM1 contains very high concentrations of Phosphorus, Sulphur and Zinc. It sug-
gests very good EP capacity, AW protection and good protection against corrosion
and oxidation.
PPAO contains very high concentrations of Bismuth and Sulphur, which should
endow that grease with very good EP and AW properties. PPAO also has Calcium
and Phosphorus in lower concentrations and therefore must contain good antioxidant
and anti-corrosion properties.
LiCaE is less additivated than LiM1 and PPAO greases. Its lower additivation is
hampered by low-toxicity and biodegradability requirements. Just like LiM1, this
grease contains Phosphorus, Sulphur and Zinc, but in lower concentration. The high
concentration of Calcium comes mostly from the thickener. Such additives will give
the LiCaE grease relatively good EP and AW properties.
3.6. Remaining oil percentage, or thickener/oil ratio
The remaining oil percentage or thickener/oil ratio test gives the percentage of
thickener and base oil for a lubricating grease [17]. This technique is usually applied
as a control of the remaining oil in a grease sample after work.
The method consists of dissolving a certain amount of grease with a solvent (in this
case Petroleum Ether, PE 40-60 ˝C was used) and forcing the dissolved grease through
a filter with a 0,45 µm grid (see Figure 3.6). The oil and the solvent flow through
the filter to a container whilst the thickener remains in the filter. The container with
the mixture of oil and solvent is submitted to a low vacuum, low rotational speed
and temperature of 60 ˝C to evaporate the solvent. The solvent remaining in the
filter is also evaporated by subjecting the filter to temperatures of 60 ˝C . Both oil
and thickener are then weighed. The percentage of each component is calculated by
comparing the mass of the grease sample before separation to its components after
separation.
To ensure that the thickener and oil were completely separated, the dissolved grease
was forced several times through the filter. All the tests were repeated twice; errors
were less than ˘ 1 %.
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The thickener-oil separation of the fresh and aged greases was carried out by 
dissolving the grease with petroleum ether (PE 40-60ºC) and forcing the dissolved 
grease through a filter (see Figure 53). However, it is needed some extra attention at the 
thickener-oil separation process of the aged greases, once the oxidation products may 
remain at the filter with the thickener due to their polar nature, especially alcohols 
and carboxylic acids. The PE 40-60ºC is a non-polar solvent, which makes less likely 
that the oxidation products move with the oil instead of remain at the thickener 
during the separation process. For that reason, solvents with higher boiling point and 
polar nature, such as isopropanol, which contain one -OH group for every 3 C atoms, 
were used for some of the aged greases. 
 
 
Figure 53 Thickener – Oil separation process 
 
The oil separation process was carried out for two reasons: To measure the oil content 
of the lubricating grease; and to separate the oil from the thickener in order to analyse 
them separately with IR spectroscopy. 
This technique was repeated twice for each lubricant. The measured deviation is ±1%. 
Dissolved 
grease 
Filter 
Remained 
Oil 
Figure 3.6.: Remaining oil percentage method.
The oil and thickener content are presented in Tables 3.3 to 3.5. LiCaE has the
highest amount of thickener (« 22,1 wt %), followed by PPAO (15,3 wt %) and LiM1
(13,7 wt %), respectively.
From the « 22 wt % thickener concentration of LiCaE grease, it is known than
5-10 wt % is Calcium1, the remainder being Lithium.
The influence of the amount of thickener on grease properties (mainly rheological
properties) is reasonably well known when comparing greases with the same formula-
tions and manufacturing processes, where only the thickener amount is changed (see
Section 2.10.4). The knowledge obtained from such studies (see [14, 92]), however,
cannot be directly correlated to the rheological behaviour of lubricating greases with
different formulations and manufacturing processes.
These results are compared to the thickener and oil content of their corresponding
degraded greases in Chapter 7, with a view to determining the amount of oil loss
occurring during the aging process.
Table 3.3.: Thickener and oil content of LiM1 grease.
Grease, g Oil, g Thickener, g Oil, % Thickener, % Oil`Thickener, %
0.1609 0.1402 0.0220 87.16 13.67 100.83
0.2049 0.1767 0.0280 86.24 13.65 99.88
86.70˘0.5 13.66˘0.1 100.36˘0.4
1Information provided by grease manufacturer.
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Table 3.4.: Thickener and oil content of LiCaE grease.
Grease, g Oil, g Thickener, g Oil, % Thickener, % Oil`Thickener, %
0.3009 0.2378 0.0661 79.01 21.98 100.99
0.2437 0.1878 0.0542 77.06 22.25 99.32
78,04˘1.0 22.12˘0.2 100.16˘0.9
Table 3.5.: Thickener and oil content of PPAO grease.
Grease, g Oil, g Thickener, g Oil, % Thickener, % Oil`Thickener, %
0.2320 0.1943 0.0354 83.75 15.26 99.01
0.2575 0.2186 0.0396 84.88 15.39 100.28
84.32˘0.5 15.32˘0.1 99.64˘0.7
3.7. Fourier transform infrared spectroscopy - FTIR
Fourier Transform Infrared Spectroscopy (FTIR) is a non-destructive technique
used to collect the infrared spectrum of materials in a wide spectral range. Its goal
is to measure how well a sample absorbs light at each wavelength. More about FTIR
can be seen in [97].
In grease research two main routes have been singled out for the use of FTIR:
• Study of the composition of lubricating greases and their components such as
thickeners, base oils and additives [98–101].
• Evaluation of changes (oxidation, depletion of additives, absorption of water,
etc.) that occur in greases during service, storage and manufacturing processes
[11,69,102,103].
FTIR was performed to verify both of the above circumstances. In the case of the
study of grease composition, it was intend only to obtain the spectra of grease, base
oil, thickener and bleed-oil in order to determine the peaks related to the thickener
and to the oil in the grease spectrum, as well as to compare the chemical properties of
the base and bleed-oils. In the second case, FTIR was used to analyse grease changes
after severe working conditions by comparing the fresh and degraded grease spectra.
More about grease degradation is presented in Chapter 7.
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A Spectra-Tech Nicolet Continuum Infrared Microscope connected to a Nicolet
Nexus 670 FTIR spectrometer was used for these characterizations. Background
spectra were taken from NaCl windows. All spectra were collected using 64 scans
at a 2 cm´1 resolution at room temperature. All spectra were normalized to the
CH2 peak at approximately 1460 cm
´1 to prevent disparities between spectra due to
different sample thicknesses. To ensure that the results found with FTIR spectroscopy
were representative of the composition, each spectrum was taken at least twice. This
procedure was carried out for all greases tested and their corresponding thickeners,
base oils and bleed-oils. The grease chemical characteristics were inferred by the
appearance and magnitude of the peaks in a given wavelength range.
Figure 3.7 gives the spectrum of the LiM1 grease, its bleed-oil and thickener. The
thickener was obtained with the process described in Section 3.6 and the bleed-oil
with the process described in Section 3.4.
The main observations from Figure 3.7 are summarized bellow:
• The broad peak at 3340 - 3330 cm´1 is seen in the grease and in the thickener
spectra, but absent in the bleed-oil, indicating that it belongs to the lithium
thickener. This is usually observed in lubricating greases formulated with soap
thickeners, as shown in [104];
• The strong absorption band in the area (2800 - 3000 cm´1) consisting of an
asymmetric C-H stretch of CH2 and CH3 molecules is a hydrocarbon structure
that is present in both oil and thickener [99];
• The bands at 1580 and 1560 cm´1 stem from the soap thickener and are signed
as COO´. This is confirmed by their absence in the bleed-oil spectrum [105].;
• The CH2 deformation solely attributed to the thickener occurs at 1450 cm´1,
whereas that of the base oil is 1461 cm´1. The average wavenumber is therefore
reduced to 1456 cm´1 in the bulk grease spectrum [102];
• The CH2 and CH3 groups of the base oil are primarily responsible for peaks at
« 2953, 2923, 2850, 1456, 1377 and 721 cm´1 in the grease spectrum. Also, the
hydrocarbon soap thickener will contribute to these absorptions [99,102].
Figure 3.8 compares the base oil and bleed-oil spectra in the fingerprint zone (1600
- 700 cm´1) since the differences at higher wavelengths are negligible. Among the few
differences observed, one can see that only the bleed-oil spectrum has a peak (or at
least a more pronounced peak) at 1600, 1516, 1164 and 1004 cm´1. All these peaks
are most likely related to the additive package. The phenolic and amine antioxidants
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Figure 3.7.: FTIR spectrum of LiM1: grease (top), bleed-oil (middle) and thickener
(bottom).
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Figure 3.8.: FTIR spectrum of LiM1: comparison between base oil and bleed-oil spec-
tra in the finger print zone.
are observed at « 1600 cm´1 and « 1516 cm´1 [106–109], the viscosity improvers
at « 1162 cm´1 [106], and the ZDDP, which also acts as antioxidant at « 1004
cm´1 [11, 110].
Likewise, the analysis of LiCaE grease and its components is given in Figures 3.9
and 3.10. This grease is substantially different from LiM1. It is formulated with
ester base oil and thickened with lithium and calcium. The main difference in the
thickener spectrum is the calcium-intense broad band centring at « 1430 cm´1 and
its sharp bands at « 1795, 874 and 712 cm´1 [111] and in the bleed-oil spectrum, the
ester bands at « 1744, 1238 and 1158 cm´1 [112]. Nevertheless, the main lithium
bands are still present at the 1580 and 1560 cm´1 peaks, which can be shown in the
grease and thickener spectra.
Some differences between base and bleed-oil were also observed. The 1789 cm´1
peak in the bleed-oil spectrum is absent in the base oil. This could be related to
the band associated with calcium in the 1795 cm´1 peak (see Figure 3.10), thereby
suggesting thickener transference to the oil during the bleeding process. Other peaks
seen in the bleed-oil, but absent in the base oil and thickener spectra are the ones
with low intensity absorbance at 1600 and 1517 cm´1, which was also observed in the
LiM1 bleed-oil spectrum and attributed to antioxidant additives. Merging of the base
oil peaks at 1246 and 1226 cm´1 in the bleed-oil peak at 1237 cm´1 might indicate
the addition of other constituents in the bleed-oil, either thickeners or additives.
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Figure 3.9.: FTIR spectrum of LiCaE: grease (top), bleed-oil (middle) and thickener
(bottom).
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PPAO grease and its components are analysed in Figures 3.11 and 3.12. This grease
has a different formulation from the greases previously described; it is formulated
with polyalphaolefin base oil, thickened with polypropylene and co-thickened with an
elastomer.
Different from the other greases, PPAO does not present a broad peak at 3340 -
3330 cm´1 because its thickener is polypropylene (non-soap thickener). The presence
of isotactic polypropylene (iPP) in the grease is seen at approximately 1330, 1303,
1220, 1167, 1100, 998, 973, 940, 900, 841, and 808 cm´1 [113]. Most of those bands
are seen only in the grease and thickener spectra.
Figure 3.12 also showed some differences between the base and bleed-oil spectra of
PPAO grease. Among these differences, one notes that only the bleed-oil spectrum
has the 1747, 1710, 1600, 1517, 1164, 822 and 700 cm´1 bands.
The 1600 and 1517 cm´1 bands found in all the lubricating greases, are attributed
to antioxidant additives. At the band of 1747 cm´1 is found carbonyl (C=O) of
the ester group, which is often used in AW additives [69]. The peak at 1164 cm´1
is attributed to viscosity improvers, and this was also observed in the LiM1 grease.
The peak at 1710 cm´1 is Bismuth, also an EP/AW additive, which is known to be
part of the grease additivation (see Table 3.2); the small hump on the 722 cm´1 peak
around 700 cm´1 is caused by the co-thickener (rubber) 2.
2Information provided by the manufacturer.
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Figure 3.11.: FTIR spectrum of PPAO: grease (top), bleed-oil (middle) and thickener
(bottom).
61
3. Experimental characterization of the lubricating greases
 
 
 
 
 
Bleed-oil - PPAO 
Base Oil - PPAO 
A
b
s
o
rb
a
n
c
e
 
 800     1000    1200    1400    1600    1800   
Wavenumbers (cm
-1
) 
721 
 
1378 
1466 
 
 
1747 
1710 1517 1303 
1164 
1342 
 
1378 
1303 
1342 
1466 
721 
1600 822 700 
Figure 3.12.: FTIR spectrum of PPAO: Comparison between base oil and bleed-oil
spectra in the finger print zone
The results presented above provided information regarding the grease peaks from
the base oil and those from the thickener. They also demonstrated that most of the
additives remain with the oil during the bleeding process.
Comparison between base oils and bleed-oil showed several differences between their
spectra and these differences were shown to be dependent on the grease formulation.
In fact, the co-thickener and the additives may have a large affinity with the oil, bleed
out together during the bleeding process and generate a bleed-oil that is significantly
different from the base oil. Furthermore, during the bleeding process the thickener
may pass through the mesh due to the imposed stress and temperature. Hence, bleed-
oil may contain additives, thickener and co-thickener material that is not present in
the base oil, and their amount depends on the formulation of the grease.
Furthermore, the bleeding process also depends on the grease micro-structure that
interacts in different ways with the macromolecules of the oil and the additives;
consequently, the bleed-oil properties also depend on the grease manufacturing pro-
cess [3].
The FTIR spectrum is not easily interpreted as there are many components that
instead of giving rise to a new peak, only shift or change the intensity of an already
existent peak and in some cases, are not even perceptible due to their small percentage
in the sample. Even so, many additives were detected, as were a few traces of thickener
and co-thickener in the bleed-oil that were absent in the base oil.
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3.8. Rheometry
Rheometry generically refers to the experimental techniques used to determine the
rheological properties of materials, that is, the quantitative and qualitative relation-
ships between deformations and stresses and their derivatives.
By far the most frequently used method for measuring non-Newtonian grease rhe-
ology is shear rheometry. These rheometers control the shear stress or shear rate,
and may have different geometries, e.g. concentric cylinders (Figure 3.13(a)), vane-
cylinder (Figure 3.13(b)), parallel plates (Figure 3.13(c)), cone-plate (Figure 3.13(d))
and different surface finishings that vary from very smooth to very rough surfaces. A
complete description of shear rheometers is found in the ELGI book [38].
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Figure 11 Concentric cylinder geometry 
for a rotational rheometer 
 
Figure 12 Vane geometry for a rotational 
rheometer with 6 vanes 
 
The experimental results are usually presented as the viscosity or shear stress as 
a function of the shear rate. These are indirect results since most rotational 
rheometers apply a torque and measure the angular velocity. In all rotary 
rheometers, the shear stress is calculated from the torque and geometry size, 
and the shear rate is calculated from the angular velocity and gap height. For 
calculating the shear rate, the grease velocity profile is assumed to be linear in a 
sufficiently small gap which does not necessarily have to be true since wall 
slip, shear thinning and yield stress behaviour may result in more complex flow 
profiles (Davies and Stokes [11]). These disturbances are also present in non-
rotational rheometers like the capillary tube rheometer, where the viscosity is 
determined by measuring the flow rate as a function of a pressure difference 
over a pipe. 
2.3.2 Thin film rheometry  
For the work presented in this thesis, a rotational rheometer with parallel plate 
geometry is used for measuring the rheological properties of the grease. To 
simulate the very high, continuous shear rates as found in bearing seal 
applications, high rotational speeds and small gap heights are required. This 
method will introduce several measurement errors due to the non constant shear 
rate distribution, inertia on the grease sample, errors in gap setting, viscous 
heating of the sample, and edge fracture. These errors are discussed in e.g. 
Davies and Stokes [11] as the main errors in narrow gap parallel plate 
rheometry, and are discussed in more detail in Paper B.  
 
More difficulties may arise due to the semi-solid nature of the grease. To 
measure the bulk properties of the grease, as modelled in Section 2.2, the gap 
has to be at least 10 times larger than the characteristic dimension of the grease 
structure. Hurley and Cann [23] found a typical grease thickener fibre length of 
10 µm, which means that the parallel plate gap setting must be at least 100 m. 
(a)
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2.3.1 Rheometer types 
Different types of rheometers are available to measure grease rheology and to 
determine the fitting parameters for the rheology models. Most popular are the 
rotational rheometers with different geometries, such as the cone and plate 
(Figure 9), parallel plates (Figure 10), concentric cylinder (Figure 11), and vane 
(Figure 12). In the rotary cone and plate rheometer, it is assumed that due to the 
angle of the cone, the shear rate is constant over the plate radius and gap height. 
The maximum shear rate that can be reached is limited by the maximum 
rotational speed of the rheometer or by grease fracture or grease loss that may 
occur at the edge. The advantage of the rotary parallel plate rheometer is that 
higher shear rates can be reached by decreasing the gap height, and 
consequently, edge effects are less likely to occur. Here, the shear rate is 
assumed to be constant over the gap height but is no longer constant over the 
plate radius. In the concentric cylinder type rheometer, a small gap is formed 
between two concentric cylinders, one of which is rotating. Again, a constant 
shear rate in the gap is assumed, which is a good approximation if the gap is 
sufficiently small compared to the cylinder radius. To reduce wall slip (or 
phase separation at the wall) in all of these geometries, a high surface 
roughness is required. An extreme version of such high roughness is obtained 
in the vane geometry, where the inner cylinder in the concentric cylinder 
rheometer is replaced by a vane. 
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Figure 3.13.: Concentric cylinder (a), Vane-cylinder (b), Parallel plates (c) and Cone-
plate (d) geometries for a shear rheometer [1].
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The selection of the appropriate shear rheometer, geometry type, surface finishing
and operating conditions depends on the desired outputs and the sample character-
istics.
For grease characterization a large range of shear rate (10´6 ď 9γ ď 10`7) is very
important. There are, however, many errors associated with range extremes. Wall slip
is frequently observed at very low shear rates whilst grease leakage and edge effects
occur at very high shear rates. Controlled stress rheology is particularly useful for
probing the region of flow behaviour where flow actually starts (very low shear rate),
which is of great interest for obtaining accurate yield stress (τy). With the controlled
stress rheometer (CSR), a precisely controlled, operator-selected torque is applied to
a rotating shaft and measurement geometry is in contact with the sample material;
the resultant strain properties are then measured. The applied torque (stress) can
be ramped up or down or held steady to evaluate flow and viscosity under steady
(unidirectional) shear, as well as to evaluate the effects of oscillatory dynamic motion
and creep.
As to the geometries, parallel plates (Figure 3.13(c))have some advantages over
others: they are less sensitive to grease leakage and edge effects due to their geometry
and they are the only ones that allow gap-height control, hence a larger range of shear
rates. Regarding the surface finishing of the geometry, rough surfaces are preferred
over smooth ones as they are less susceptible to wall slip [77, 114, 115]. Extremely
rough surfaces, however, may be less reliable in filling the gaps and may promote
fractures caused by the occurrence of secondary flows in the sample [116]. Taking
this all into account, all the measurements were carried out with a controlled stress
rheometer and 2R “ 25 mm diameter rough parallel plates with a Ra « 20µm.
Nevertheless, the right selection of the equipment does not ensure correct meas-
urements. In view of the fact that grease is also a thixotropic material, as sample
history usually plays an important role in determining data (mainly at low stress),
sample preparation should be properly done.
Before each experiment the environmental rheometer chamber was heated to the
required temperature in order to ensure a homogeneous temperature in the plates and
surroundings. The zero gap was then set with the standard rheometer gap-zeroing
procedure (gap height = 0 when the plates touch each other until a normal force
of 5 N is measured). After that, an excessive amount of grease was loaded into the
geometry to ensure fully filling the gap between the plates, which was subsequently
set to the required gap height. As the minimum gap size was set in order to minimise
artefacts from the walls, the gap had to be one order of magnitude above the thickener
size [115, 117]. Since the excess grease had to be pushed out, some internal stresses
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were produced in the sample. This surplus of grease was carefully removed from the
edge. Next, a pre-shear program was performed to remove the internal stress (sample
history). In order to maintain consistency in all measurements, all samples were pre-
sheared in the same way. The pre-shear should not reach too high speeds or last too
long to prevent unintended grease loss from the edges, edge fracture or excessive shear
degradation [118]. It should nevertheless last long to overlap sample history. After the
pre-shear program, the grease was left to rest until strain stabilization was observed
(15 minutes for the greases studied) and only then were the measurements performed.
The edge was examined for grease loss and edge fracture after the experiment.
Additionally, the small gaps and high speeds required to reach high shear rates
may introduce several errors due to a non-constant shear rate distribution, inertia
of the grease sample, errors in gap settings, viscous heating of the sample and edge
fracture [115]. Although some of these errors are automatically corrected by the most
modern rheometers, others need to be corrected afterwards.
In this work, the minimum gap size was taken into account when obtaining and
processing all the rheological data in order to minimise artefacts from the walls, the
non-constant shear-rate over the plate radius, uncertainty in the gap error and the
thixotropic/historic effects (See Appendix A).
Viscous shear heating was not taken into account since Davies and Stokes [115]
showed that the heat generated in the sample is rapidly dissipated into the plates
due to the small gap height and therefore, no significant temperature gradients in the
rheometer sample are expected.
Wall slip was visually identified in the flow curves after all corrections were ap-
plied, and disregarded when necessary. A plot combination of sweep (very low to
medium shear rates) and flow tests (medium to high shear rates) was used for this
identification.
The equipment/procedure used was validated by comparison with base oil viscosity
measurements carried out according to ASTM D445-12 [119]. Furthermore, all the
tests were performed twice; their differences were less than 10 %.
3.8.1. Base and bleed oil flow properties
Base and bleed-oil dynamic viscosity and shear stress were measured in an AR
1000-N rheometer from TA Instruments with rough plate-plate geometry (2R “ 25
mm; Ra “ 20 µm) at two different temperatures (40 ˝C and 80 ˝C ). Flow tests were
performed with increasing levels of shear rate p10´2s´1 ă 9γ ă 104s´1q whilst shear
stress pτq and apparent viscosity pηq were measured. Under these conditions, all the
base oils and the bleed-oils of the LiM1 and LiCaE greases presented a Newtonian
65
3. Experimental characterization of the lubricating greases
behaviour but different viscosity/stress values, whilst the PPAO bleed-oil showed a
shear thinning behaviour, as indicated in Figure 3.14. The relative viscosity and
shear stress difference observed in this figure was calculated by Equations 3.2 and
3.3, respectively. In the case of PPAO bleed-oil the ηbleed and τbleed are the average
values at the low shear rate range ( 9γ ă 102 s´1).
∆η r%s “ ηbleed ´ ηbase
ηbase
ˆ 100 (3.2)
∆τ r%s “ τbleed ´ τbase
τbase
ˆ 100 (3.3)
Three different trends were observed when base oil and bleed-oil viscosities were
compared at 40 ˝C . LiCaE grease presented similar values for base and bleed oil
viscosities. In the case of LiM1 grease, the viscosity of the bleed-oil was 16.9 % lower
than the viscosity of the base oil, while in the case of PPAO grease the viscosity of
the bleed oil was 1150 % higher than the viscosity of the base oil. Such different
behaviours are better seen in Figure 3.15.
The IR-spectra had already shown different compositions between base and bleed-
oils, and therefore it was already expected some difference on the bleed-oil physical
and rheological properties.
The very high viscosity of the PPAO bleed-oil was attributed to its co-thickener, an
elastomer (rubber) with a high affinity with the base oil that bleeds out with it during
the bleeding process3. The co-thickener was characterized as a small hump on the
722 cm´1 peak around 700 cm´1 in the FTIR spectrum (see Figure 3.12). Base and
bleed-oil viscosity values of PPAO were also measured by the grease manufacturer
and are presented in the technical data sheet of the product, as shown in Figure 3.16.
There, bleed-oil viscosity values were found to be higher than the ones presented in
Figure 3.15.
The ∆η of LiM1 and LiCaE are related to their different compositions as well. It
is not clear, however, whether there is a direct association between ∆η and a specific
spectra difference (as in the case of PPAO - 700 cm´1).
3Information provided by the grease manufacturer.
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Figure 3.14.: Base and bleed-oil viscosity and shear stress vs. shear rate at 40 ˝C .
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Figure 3.16.: Technical data sheet of PPAO (Commercial name: NOION 632 EPB).
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3.8.2. Creep tests
All the creep tests were performed with a 250 µm gap after a flow-type pre-shear
and a 15 minutes resting time. The pre-shear consisted of applying a shear rate from
1 to 10 s´1 and then from 10 to 1 s´1 during 4 minutes.
The creep curves are presented in Figures 3.17 to 3.19, and the yield stress limits
(τymin and τymax) are given in Table 3.6. These results showed that under low shear
stress LiM1 grease offers the least resistance to flow, PPAO grease offers the highest
and LiCaE grease is in between.
High or low yield stress values can be either beneficial or harmful for bearing
application. On the one hand, high yield stress values can lead to bearing failure
due to excessively low rates of replenishment, as once the standing lubricating grease
in the cage pockets and side tracks of the rolling bearings will not flow back to the
contact zone. On the other hand, lubricating greases with a very low yield stress
might flow out of the box/bearing/cage, resulting in starvation and seizure of the
bearings.
The influence of temperature on the yield stress was not studied here, but some
measurements carried out by Gow [120], Karis et al. [121] and Froishteter et al.
[122, 123] indicate that yield stress decreases by a factor between 2 and 6 for each
50 ˝C .
Table 3.6.: Yield stress limits at 40 ˝C . Creep tests.
LiM1 LiCaE PPAO
τymin, [Pa] 100 200 600
τymax, [Pa] 200 400 800
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Figure 3.17.: Creep test: shear strain versus time for different applied shear stresses.
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Figure 3.18.: Creep test: shear strain versus time for different applied shear stresses.
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Figure 3.19.: Creep test: shear strain versus time for different applied shear stresses.
Grease PPAO.
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3.8.3. Oscillatory tests
All the oscillatory tests were performed with a 250 µm gap after an oscillatory-
type pre-shear and a resting time of 15 minutes. The pre-shear was applied between
the end of the linear visco-elastic region (LVE) and the cross over stress (τco). The
pre-shear program consisted of applying an oscillatory rotational speed with a 0.01 to
0.2 strain during 5 minutes. The oscillatory stresses corresponding to a strain equal
to 0.2 were 130, 205 and 255 Pa for LiM1, LiCaE and PPAO, respectively.
The storage G1 and loss G2 moduli are plotted against the oscillatory stress τos in
Figure 3.20.
The complex modulus G˚ (Figure 3.21), given by equation 2.12, follows the same
trend as G1 and G2. In these figures one can see that all the greases maintain their
resistance to deformation until they reach the yield stress4, whereupon they undergo
rapid transition from high to low G1, G2 and G˚ values. This rapid transition is
observed by an increase in phase angle tanpδq, as shown in Figure 3.22, and is due to
a breakdown of the internal elastic structure as the imposed stress was increased.
Figure 3.20 and 3.21 shows that LiCaE has the highest values of storage, loss and
complex moduli. LiM1 and PPAO greases are quite similar, although PPAO has
slightly higher values.
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Figure 3.20.: Storage and loss moduli versus oscillatory stress at 40 ˝C .
According to Couronne´ et al. [3], storage modulus G1 can be considered as an
evidence of the intensity of the interaction between the grease components and that
4In case the yield stress is considered at the end of the LVE region.
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Figure 3.21.: Complex modulus (G˚) versus oscillatory stress at 40 ˝C .
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lubricating greases with low G1 values have a greater capacity to form and sustain
a thick film than lubricating greases with high values. Couronne´ also claimed that
no other rheological property (τy, η, τco and δ) correlates with the film formation.
Her film thickness results were obtained with 4 fresh greases, a temperature around
20 ˝C , moderate speed, short time tests, light load and good supply of lubricant to
the contact at the beginning of the test. If such considerations were brought to the
results shown in 3.20, one would expect that PPAO and LiM1 greases had a better
capacity to sustain a film than LiCaE grease. The effect of grease properties in film
formation are discussed in Section 4.6.
Delgado et al. [92] found that, in general, the higher the plateau modulus G0N
5the
lower the traction coefficient. This conclusion was based on the rheological and
tribological evaluation of 14 lubricating greases formulated with lithium and a naph-
thenic base oil under flooded lubrication, short period tests, moderate loads (0.8 GPa),
moderate speeds and at ambient temperature. Again, if such a consideration were
brought to the results shown in Figure 3.20, one would expect that LiCaE grease
would present a lower friction factor than LiM1 and PPAO.
As described in Section 2.10.1, yield stress has a value somewhere between the
initial drop in G1 and the cross-over stress τco. Applying this concept to the results
presented in Figure 3.20, the yield stress would have a value somewhere between the
values presented in Table 3.7.
Table 3.7.: Yield stress limits at 40 ˝C . Oscillatory tests.
LiM1 LiCaE PPAO
τymin, [Pa] 15 40 60
τymax, [Pa] 270 295 915
3.8.4. Flow tests
3.8.4.1. Grease viscosity
All the flow tests were performed with a 175 µm gap after a flow-type pre-shear
and a resting time of 15 minutes. The pre-shear consisted of applying a shear rate
from 1 to 10 s´1 and then from 10 to 1 s´1 during 4 minutes.
Grease viscosity was measured in flow tests from medium to high shear rates and
in oscillatory tests from low to medium shear rates. The equation developed by
5The value of the storage modulus at the minimum frequency for loss tangent (tan δ “ G2{G1).
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Doraiswamy et al. was used [124] to obtain the steady shear viscosity from oscillating
shear
ηpγm ˆ ωq “ ηp 9γq for γm ˆ ω “ 9γ (3.4)
where γm is the amplitude of the shear strain at which the angular frequency ω was
imposed. In the particular case, a 1 Hz frequency was used, therefore
ηpγm ˆ ωq “ τos{pγm ˆ ωq (3.5)
The K and m constants of Equation 2.14 were obtained by combining both meas-
urements and by using a non-linear fitting procedure. This equation is re-written
below.
η “ η0 ´ η8
1` pK 9γqm ` η8 (3.6)
η8 is the measured bleed-oil viscosity (Figure 3.15) and η0 is read from the ex-
perimental results of the oscillatory tests after applying Equation 3.4. In the case
of PPAO bleed-oil, η8 represents the average viscosity values at the low shear rate
range ( 9γ ă 102 s´1).
The measured (˛) and calculated grease viscosity (—) versus the shear rate at
T = 40 ˝C are shown in Figure 3.23 for each lubricating grease. The measured (˝)
and calculated bleed-oil viscosity (- -), as well as the first Newtonian viscosity - η0
(¨ ¨ ¨ ) are also shown in this figure. Input parameters (η0 and η8), the model constants
obtained by a non-linear fitting process (m and K) and the R2 are shown in Table
3.8.
A comparison between the lubricating greases is shown in Figure 3.24.
Figure 3.24 shows that at very low shear rates, LiCaE presented the highest vis-
cosity, followed by PPAO and LiM1 with very similar values. At high shear rates,
an inversion is observed and PPAO showed the highest viscosity, followed by LiM1
and LiCaE. Viscosity values at high shear rates are conditioned by the assumption
that lubricating greases reach their bleed-oil viscosities at high shear rates. However,
some bleed-oils (or even base oils) might present a shear thinning behaviour, which
would produce lower η8 and consequently lower values for the grease viscosity at high
shear rates, thus slightly changing the K and m model constants.
Model constants K and m are associated with the rupture of grease linkages and
shear thinning behaviour, respectively [89].
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Figure 3.23.: Grease viscosity versus shear rate: Comparison between experimental
and calculated values at 40 ˝C .
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Figure 3.24.: Viscosity versus shear rate: Comparison between the lubricating greases
at 40 ˝C .
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Table 3.8.: Inputs and calculated rheological parameters of lubricating greases at 40
˝C . Obtained by fitting the viscosity measurements (Figure 3.23) and
Equation 3.6.
LiM1 LiCaE PPAO Unit
η0 25062 44364 24675 Pa.s
η8 0.1558 0.0960 0,4317 Pa.s
K 146.17 198.40 61.77 Pa.sm
m 0.8235 0.8374 0.7850 -
R2 0.948 0.946 0.944 -
3.8.4.2. Grease shear stress
Similarly, shear stress was also measured with flow and oscillatory tests. The K
and m constants of Equation 2.15 were obtained by combining both measurements
and using a non-linear fitting procedure. This Equation is re-written below.
τ “ τy `
„
η0 ´ η8
1` pK 9γqm ` η8

9γ (3.7)
Due to the difficulty in determining absolute yield stress τy, Equation 3.7 was
solved by using τy “ 0 and and its minimum and maximum values obtained in the
creep tests (see Table 3.6). These ranges are within the values observed in the flow
curves (Figure 2.10, transition from Zone-1 to Zone-2). Yield stress limits obtained
with the oscillatory tests were disregarded, given their too extensive limits and their
inconsistency with the values observed through the creep and flow tests.
It is important to note that adding yield stress to the transposition of Equation 2.14
to 2.15 (or Equation 3.6 to 3.7) significantly changes the K and m model constants.
Furthermore, one needs to know that K and m depend greatly on the chosen model
and therefore, one cannot compare such parameters when they have been obtained
by different models.
Figure 3.25 shows the shear stress measured (˝) and calculated for the bleed-oil
(- -), the shear stress measured for the grease(˛), and the shear stress for the grease
calculated with Equation 2.15 when τy = 0 ( ), τy = max (¨ ¨ ¨ ) and τy = min (—).
The parameters used and the R2 are given in Table 3.9.
A comparison between lubricating greases is shown in Figure 3.26 .
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As demonstrated in Section 2.10.3.1, grease viscosity at high shear rates was set
equal to the bleed-oil (η8 “ ηbleed-oil), instead of the usual assumption where η8 “
ηbase-oil, due to the evidence observed in the film thickness measurements (see Section
4.4).
In fact, when comparing the PPAO grease flow curves obtained considering η8 “
ηbase oil ( ) and η8 “ ηbleed-oil (—) with the grease measurements (˛), one can see
that the shear stress calculated using η8 “ ηbleed-oil approaches the measured values
at high shear rates in a more realistic way than the shear stress calculated using
η8 “ ηbase oil, as shown in Figure 3.27. Furthermore, correlation factor R2, although
not very significant, is slightly higher when using the bleed-oil viscosity (R2 “0,99)
instead of the base oil viscosity (R2 “0,97).
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Figure 3.25.: Grease shear stress versus shear rate: Comparison between experimental
and calculated values at 40 ˝C .
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Figure 3.26.: Shear stress versus shear rate: Comparison between experimental and
calculated values at 40 ˝C .
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Figure 3.27.: Shear stress versus shear rate: Comparison between PPAO base oil and
bleed-oil at 40 ˝C .
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Table 3.9.: Inputs and calculated rheological parameters of lubricating greases at 40
˝C . Obtained by fitting between the shear stress measurements (Figure
3.25) and Equation 3.7.
LiM1 LiCaE PPAO Unit
when τy “ 0
K 146.17 198.40 61.77 Pa.sm
m 0.8235 0.8374 0.7850 -
R2 0.99 0.97 0.97 -
when τy “min
K 265.84 758.96 369.34 Pa.sm
m 0.7875 0.7607 0.6826 -
R2 0.99 0.98 0.99 -
when τy “max
K 518.58 4900 963.18 Pa.sm
m 0.7528 0.6760 0.6375 -
R2 0.99 0.98 0.99 -
3.9. Other properties
Grease, base oil and bleed-oil density were measured by weighting a 5 cm3 of a
sample at ambient temperature (21.1 ˝C ). Three different syringes were filled with
the lubricant sample and weighed three times each. The averages of the 9 values
calculated (ρ “ m { V ) are presented in Table 3.10. The maximum error for the
measurements was 2 %. The density values of the base oil were in agreement with
the ones provided by the manufacturer. Density measurements were used to calculate
the kinematic viscosity.
The refractive index of the lubricants was measured with an Abbot refractometer
at ambient temperature. Such measurements were used as input for film thickness
measurements.
All the measured lubricant properties presented in this Chapter are summarized
in Table 3.11.
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Table 3.10.: Density and refractive index of the lubricating greases and of their cor-
responding base oils and bleed oils.
Designation LiM1 LiCaE PPAO
Grease properties
Density [g/cm3] 0,909 0,919 0,886
Refractive Index at 25 ˝C 1,4948 1,4744 1,4639
Bleed oil properties
Density [g/cm3] 0,909 0,919 0,843
Refractive Index at 25 ˝C 1,4948 1,4744 1,4639
Base oil properties
Density [g/cm3] 0,903 0,952 0,828
Refractive Index at 25 ˝C 1,4956 1,4562 1,4592
3.10. Discussion and conclusions on grease properties
Several properties can be evaluated when describing a lubricating grease, although
to date, none of the most common characterisations provides parameters to predict
the performance of grease lubricated contacts.
Many authors have incorporated the grease shear thinning effect through para-
meters K and m (or equivalents, depending on the rheological law used to describe
the grease viscosity dependence of the shear rate) to predict grease film thickness
under fully flooded lubrication [18, 20, 125, 126]. These models, however, are not
widely accepted and their application does not correlate with the experimental res-
ults presented in Chapter 4. Besides, the belief that lubricating greases approach
their base oils in terms of viscosity and shear stress at very high shear rates, leads
many researchers to assume that the fully flooded film thickness of a grease can be
simply calculated from the oil film thickness equations on the assumption that the
grease viscosity is equal to the base oil viscosity [17].
A number of film thickness measurements performed with greases and their base
oils under fully flooded lubrication, however, have showed that this does not happen
[19,127,128].
This shows that different approaches should be used to characterize lubricating
greases when one aims to define the grease properties related to their performance in
an elastohydrodynamic contact.
In this Chapter, aside from the grease analysis through FTIR, XRF, SEM, oil bleed
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rate, rheometry, thickener/oil ratio, which provided a significant amount of informa-
tion that may be related to the grease mechanisms of lubrication, it was performed
an analysis of the bleed-oil properties since over the years many researchers have sug-
gested that the oil released from the grease is its major lubrication mechanism. Fur-
thermore, although grease rheology has been widely studied, in fact there is no direct
relationship between the low pressure / low shear rate rheometry (1 atm « 0,1 MPa /
9γ ă 105 s´1) of NLGI-grade 2 lubricating greases and their tribological performance
(traction behaviour and film thickness) that is well known and widely accepted.
Delgado et al. [16] for example, compared 14 lubricating greases with exactly the
same formulation (additive-free, 14 wt % lithium thickener and naphthenic base oil)
but different manufacturing process conditions, in terms of their rheological, tribolo-
gical and mechanical behaviour. The variants of the manufacturing process were
rotational speed, maximum temperature, cooling profile and homogenisation time,
speed and temperature. Of the 14 manufactured greases, 6 ended up with a NLGI
class-2 consistency. Even with the same NLGI class and constituents, the rheological
parameters measured showed a very significant difference between their maximum
and minimum values:
• 3,6 times of strain, at δ “ 1;
• 1,45 times the storage modulus G’ in the LVE region;
• 1,7 times the phase angle tanpδq in the LVE region;
• 1,25 times the power law consistency index K ;
• 2,2 times the power law flow index n;
• 1,25 times the apparent viscosity η, at shear rate of 100 s´1.
For the same 6 greases, Delgado also measured the traction values using a tri-
bometer (ball-on-disc device) under fully flooded conditions. Despite the major dif-
ferences observed in the rheological parameters, maximum differences in the traction
values measurements were below 4.5 %. This indicates that attempts to correlate
grease composition with its rheological behaviour can lead to wrong assumptions
when the manufacturing process is not the same. It also shows that the rheological
parameters obtained under low pressure and low shear rate conditions do not signific-
antly affect the tribological behaviour of lubricating greases under fully flooded con-
ditions, although they may be significant after the bleeding stage, mainly as regards
the replenishment and sealing mechanisms [3], as well as grease/bearing life [10,129].
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4. Lubricant film thickness in a
grease and oil lubricated contact
4.1. Introduction
The accurate prediction of EHL film thickness, under actual operating conditions
and for a wide variety of lubricants, is extremely important to ensure complete sep-
aration of the mating surfaces, because it leads to an increase of energy efficiency and
useful life service of the mechanical components.
Over the past fifty years, both experimental and numerical tools have been signi-
ficantly improved to predict film thickness and many researchers have presented film
thickness formulas based on the regression of their numerical results. Katyal and Ku-
mar [130] summarized 15 central film thickness formulas for point contacts, developed
from 1965 to 2000. All of them work with some accuracy for Newtonian fluids (that
remain Newtonian within the inlet zone) within a certain range of pressure, entrain-
ment speed and slide-to-roll ratio. More improvements have been achieved over the
past decades in order to add shear thinning, viscous heating and thixotropy (shear
degradation) phenomena to the film thickness equations [130–136]. Such phenomena
are seen in some lubricating greases and in a new generation of lubricating oils with
high polymer contents and other blends.
In general, these are film thickness formulas derived from solving Equations 4.1 to
4.5 simultaneously or iteratively, with boundary conditions at atmospheric pressure
in the inlet and an appropriate cavitation model to prevent large negative pressures
in the exit region, or through experimental measurements. As one can see, Equations
4.3 and 4.4 are not explicit, because there are several equations that relate viscos-
ity and density to pressure and temperature (and shear rate, thixotropy and shear
degradation). Different film thickness results are obtained depending on the model
chosen to describe the viscosity and density with the operating conditions (Equations
4.3 and 4.4)
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In addition to the uncertainty regarding which pressure-viscosity relationship to
use, determining the pressure-viscosity coefficient () is challenging and expensive, as
described in Section 2.5.5.3. This situation, which leads many researchers to derive
the α-value from EHL film thickness measurements in conjunction with an appropri-
ate EHL film thickness equation, was shown to be accurate for Newntonian fluids [63].
Krupka [137], however, showed that α-values obtained with this technique depend on
the contact geometry (ball diameter), and therefore the use of such an α-values to pre-
dict film thickness for different geometries may significantly over or under-estimate
film thickness. The solution proposed by Krupka requires high pressure viscosity
measurements.
At present, therefore, the main frontier of research in full film EHL modelling lies
in characterizing the nature and properties of the lubricant films and on determining
an accurate model of fluid rheology under the extreme conditions present in EHL
contacts. Another challenge is predicting film thickness under starved conditions,
since it is very difficult to accurately foresee how the lubricant replenishes the contact
[138].
Film thickness measurements in grease lubricated contacts have been performed
for more than 40 years [139]. Nowadays, thin film interferometry allows mapping of
the film thickness with a 1nm resolution in a 1 to 800 nm [140]. This technique was
used to study the base oil, bleed-oil and grease film formation for a broad range of
operating conditions under fully flooded and starved lubrication. Figure 4.1 shows a
schematic view of a contact operating under these conditions.
88
4.2. Materials and methods
Figure 4.1.: Elasto-hidrodynamically lubricated contact operating at fully flooded
(left) and starved conditions (right) [2]
4.2. Materials and methods
Film thickness measurements were performed with a WAM (Wedeven Associates
Machine) ball-on-disc test apparatus equipped with optical interferometry. The glass
disc had a chromium semi-reflecting coating on top of which a spacer layer of trans-
parent silica was deposited (CrSiO3).
Optical interferometry measurements of lubricant film thickness have already been
described by several authors. Details of this technique have been reported elsewhere
[140–142] and only a brief description will be given here.
The lubricated contact is formed by the reflective steel ball and the flat surface
of the glass disc. The load is applied by moving the disc downwards towards the
ball. The disc is mounted on a shaft driven by an electric motor. The steel ball
is also controlled by an electric motor, making it possible to run the tests under
rolling/sliding conditions. The glass disc is coated with a semi-reflecting chromium
coating on top of which a spacer layer of transparent silica is deposited (CrSiO3).
White light is shone through the glass disc into the contact. Part of the light is
reflected back by the chromium layer, while the rest passes through the silica layer
and any oil film present, before being reflected back by the steel ball. Since the
light has travelled different distances, upon recombination the two beams interfere
optically at wavelength values that depend on differences in the path, thus making
89
4. Lubricant film thickness in a grease and oil lubricated contact
Figure 4.2.: View of the WAM 11A ball-on-disc test apparatus. Lule˚a University of
Technology.
it possible to measure the thickness of the film. The colour interference image is
detected by a CCD camera attached to a frame grabber so that images of the contact
region can be taken.
The method used for translating the optical phase difference map into film thickness
has been described by several authors, such as [140,143,144]. The method used here
is the Lab-method described by Hartl et al. [144]. This technique can also be applied
when a spacer layer is used. The spacer layer imaging method permits mapping
of the film thickness with a 1 nm resolution at a 1 nm to 800 nm range. This
technique is useful for grease film thickness measurements since the starved conditions
are quickly reached and film thickness values are in general lower than 80 nm under
these conditions. With white light and without spacer layer discs it is very difficult
to measure film thicknesses below 80 nm.
4.2.1. Test Specimens
The standard ball specimen has a 13{16” (20,637 mm) diameter and is made from
AISI 52100 bearing steel. The roughness of the balls was measured with a Wyko
NT1100 optical profiling system from Veeco. Measurements were done using 10ˆ
magnification and 0,5ˆ field of view (FOV).
The discs were made from glass that supports a maximum Hertz pressure of ap-
proximately 0.6 GPa. The silica spacer layer has a refractive index of 1.4785 according
to the manufacturer.
The ball and disc properties are presented in Table 4.1 and the properties of the
lubricants are presented in Table 3.11.
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Table 4.1.: Ball and disc data.
Ball Disc
Elastic Modulus - E [GPa] 210 64
Poison Coefficient - ν [-] 0.29 0.2
Radius - R [mm] 10.3185 50
Surface roughness - Ra [nm] 20 « 5
Spacer layer thickness - [nm] - « 160
Spacer layer refractive index - [-] - « 1.4785
4.2.2. Test procedures
A set of lubricant film thickness measurements was carried out under fully flooded
lubrication for all lubricating greases and their base oils and bleed-oils.
To ensure that starvation does not occur, a scraper was used to re-distribute the
grease back to the rolling track and generate fully-flooded lubrication. Thus, the
inlet lubricant supply, which has a large influence on film formation, was the same
for greases, base oils and bleed-oils. The load applied was 25.71 N, which corresponds
to a maximum Hertz pressure of P0 = 0,5 GPa. Three operating temperatures were
used: 40, 60 and 80 ˝C . The tests were carried out with a 3 % slide-to-roll ratio
(SRR), in pure rolling conditions. The results were very similar; only the values
under pure rolling condition are presented here. SRR is defined by
SRRr%s “ 2ˆ pUdisc ´ UballqpUdisc ` Uballq ˆ 100 (4.6)
The entrainment speed range was different for each lubricant. The lowest entrain-
ment speed was selected so that a film thickness not lower than 100 nm was measured,
thus ensuring that ball-disc contact does not occur. The highest entrainment speed
was limited by two factors, the maximum measurement range of the optical device
(around 800 nm) and the volume of lubricant available. In the case of the tests
performed with bleed-oil, the oil amount available was not enough to keep the oil
reservoir filled during the whole test. Therefore, low entrainment speeds were used
to avoid emptying the oil reservoir.
In the case of the tests with greases, the operating temperature was maintained
by enclosing the ball-on-disc device with a plastic chamber and blowing hot air into
this chamber. To ensure a homogeneous temperature (on the ball, disc, lubricant
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and chamber) three thermocouples were strategically positioned inside the chamber
and the hot air was applied during at least 40 minutes before each measurement.
The largest measured temperature deviation from the target was ˘ 1,5 ˝C during the
80 ˝C tests.
AA different procedure was used for the oils since a different arrangement had to be
used. In this case the lubricant was heated in two different containers connected by
a tube. The small container, where the ball is partially submerged (up to the centre
of the ball), was filled with around 10 ml of lubricant. The larger one, which supplies
the small one through a pump, stored up to 200 ml. The base oil tests carried out
with this configuration presented a slightly higher temperature deviation of ˘ 2,0 ˝C
during the 80 ˝C test. In the case of the bleed-oils, the temperature deviation was
higher since there was not enough lubricant to fill both containers. In this case, the
highest temperature fluctuation was ˘ 2,9 ˝C during the 80 ˝C tests.
The temperature oscillations were considered when calculating all the parameters
shown in Sections 4.3.1 to 4.3.5. For each operating temperature, the film thickness
was measured from the lowest to the highest entrainment speed, with increments
of 0.05 m/s and then from the highest to the lowest entrainment speed. This pro-
cedure was repeated for each temperature and lubricant, for a total of at least four
measurements for each entrainment speed. The scatter observed in the film thickness
measurements is mainly due to the temperature variations and the low stability of
the machine at low entrainment speeds ă 0,1 m/s and low load (P « 25,71 N).
A different set of grease film thickness measurements was performed a year later
under fully flooded and starved conditions in order to study grease behaviour under
very low entrainment speeds and the influence of grease properties on starved film
formation. These measurements were carried out in a WAM 6A, with a different ball
diameter (2R “ 19, 25 mm) and at 40 ˝C only. The contact pressure was kept
P0 = 0,5 GPa. The fully flooded tests followed the previous procedure, while the
starved tests were performed without the scraper during t = 30 min at constant a
speed of Ue “ 0, 1 m/s.
4.3. Results of fully flooded film thickness
measurements
4.3.1. Base oil film thickness - Background
Film thickness measurements and predictions for the base oils with Newtonian
behaviour are accurate and understood, since, in general, base oils do not exhibit
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significant shear thinning, shear degradation and thixotropy behaviour under typical
EHL conditions.
There are several equations that predict the film thickness for base oils [145–150].
The main differences between them are the rheological models relating the viscosity
and density with pressure and temperature.
Van Leeuwen [63] recently compared accurate film thickness measurements with
the values predicted by eleven (11) different equations proposed in the literature for
two different base oils. The pressure-viscosity coefficient (α) of one of the oils was
known in advance. Van Leeuwen showed that the central film thickness equations
for point contacts proposed by Chittenden et al. [148] and Hamrock et al. [149]
presented a correlation factor R2 ą 97 % for the lubricant with a known α´value.
Consequently, the pressure-viscosity coefficient of other base oils should be calculated
with these equations when similar operating conditions are used. As discussed before,
this appears to be the best way to determine α´value when high pressure viscosity
measurements are not available.
The equations presented by Chittenden et al. and Hamrock et al. use the Roelands
equation [53] to describe viscosity dependence on pressure and on temperature and
take into account that the fluid is compressible, according to Dowson and Higginson
[151].
The film thickness equation proposed by Hamrock et al. is given by Equation
4.7 [149]. Thermal correction φT was considered according to Gupta et al. [152], as
shown in Equation 4.8. The use of these equations and film thickness measurements
determine the pressure-viscosity coefficient (αfilm) that gives the best R
2 fit with the
measured results. With αfilm, film thickness can be estimated on the basis of the
data provided in Table 3.11 and Equation 4.7.
Hoc “ φT ˆ 1, 345ˆRx ˆ U0,67 ˆG0,53 ˆW´0,067 ˆ C0 (4.7)
φT “ 1´ 13, 2 ¨ pp0{Eq ¨ L
0,42
1` 0, 213 p1` 2, 23 ¨ SRR0,83q ¨ L0,64
L “ ´BηBT ¨
Ue2
Kf
(4.8)
4.3.2. Base oil film thickness - Results
Figure 4.3 shows the film thickness measurements versus the entrainment entrain-
ment speed for all base oils at « 40, 60 and 80 ˝C . Predictions of the film thick-
ness considering the measured temperatures are also presented in the figure. In all
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cases, film thickness measurements increased with the entrainment speed at a rate of
« U0,67, as predicted by most of the film thickness equations. LiM1 base oil had the
highest film thickness, PPAO base oil the lowest one, while LiCaE appeared between
the other two.
The pressure-viscosity coefficients, determined on the basis on a best R2 fit between
measurements and predictions, are shown in 4.2 for each operating temperature.
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Figure 4.3.: Film thickness versus entrainment speed: Experimental and predicted
values at 40, 60 and 80 ˝C . Base oils.
Table 4.2.: Pressure-viscosity coefficients of the base oils at « 40, 60 and 80 ˝C .
αfilm¨[GPa´1s LiM1 LiCaE PPAO
« 40 ˝C 28,9 16,4 20,0
« 60 ˝C 25,6 14,4 15,2
« 80 ˝C 23,9 12,1 11,4
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4.3.3. Bleed-oil film thickness - Background
As described in Section 3.4, significant attention has been paid to “controlling /
understanding” the oil bleed rate. To the best of the authors’ knowledge, however, few
scientific studies have been published concerning the bleed-oil properties and their
influence on tribological behaviour in EHD lubrication [3, 4, 13, 25]. As described
earlier, the reason for this is unknown as many researchers claim that in grease
lubricated contacts, the oil released from the grease is the dominant mechanism of
lubrication in the early stages of grease life [19, 91,93,94].
As shown in Sections 3.7 and 3.8.1 bleed-oil composition and properties are different
from base oil properties. Apart from their differences, LiM1 and LiCaE base oils and
bleed-oils showed a Newtonian behaviour in the rheological measurements (see Figure
3.14) and an increase of film thickness with a « U0,67 entrainment speed, suggesting
a Newtonian behaviour. Consequently, the same methodology applied to predict
the base oil film thickness (Section 4.3.1) was used to predict the LiM1 and LiCaE
bleed-oil film thickness.
PPAO bleed-oil showed a non-Newtonian behaviour (see Figure 3.14) and could be
predicted with the same equations developed for Newtonian fluids. Although these
equations were found to be quite accurate for Newtonian lubricants, they largely
overestimate the film thickness for shear-thinning lubricants [130].
PPAO bleed-oil was therefore modelled according to the equation proposed by
Katyal and Kumar [130]. This model predicts the central film thickness for shear
thinning lubricants in EHL point contacts under pure rolling (see Equation 4.9).
The model is a numerical regression based on a full numerical simulation where the
Reynolds equation is solved with the Carreau viscosity model and Barus’ exponential
pressure-viscosity relation (see Equation 2.6). The thermal correction factor φT was
also considered (see Equation 4.8)
Hock “ φT ˆ 1, 098538 ¨Rxk ˆ U0,652k ˆG0,557k ˆW´0,0415k ˆ R¯
R¯ “
ˆ
1` 1, 32528ˆ U
0,69
k ˆW 0,264k
G0,77k ˆG1,92cr {Ek˚
˙´1,2p1´nq2
(4.9)
where R¯ is the shear thinning factor, which depends on dimensionless parameters
Uk,Wk, Gk and on the Carreau viscosity model, given by Equation 4.10,
η “ η8 ` pη0 ´ η8q ˆ
«
1`
ˆ
η0 9γ
Gcr
˙2ffpn´1q{2
(4.10)
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where η0 is the first Newtonian viscosity at low shear rates (considered bleed-oil
viscosity at low shear rates) and η8 is the second Newtonian viscosity at high shear
rates (considered zero). Gcr is the bleed-oil critical stress (reported previously as
yield stress - τy) and n is the power-law index.
Gcr and n were calculated in order to obtain the best R
2 fitting with the viscosity
measurements shown in Figure 4.4. Few attempts were made considering η8 “ ηBaseOil
and calculating η8 in order to obtain the best R2 fitting. These different assumptions
used in an attempt to define η8 lead to slightly different values of Gcr and n, but
barely alter the R2 correlation factor. Since, the true value of η8 is unknown and
Katyal and Kumar showed that η8 can be set as zero without prejudging the results,
such an assumption was made.
Adjustable variables (Gcr and n) are shown in Table 4.3.
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Figure 4.4.: Application of Carreau model to the PPAO bleed-oil viscosities measured
at « 40, 60 and 80 ˝C .
Table 4.3.: Bleed-oil parameters for the Carreau viscosity model at « 40, 60 and
80 ˝C .
PPAO Gcr [Pa] n [-]
« 40 ˝C 569.6 0.699
« 60 ˝C 538.0 0.727
« 80 ˝C 500.3 0.752
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4.3.4. Bleed-oil film thickness - Results
Figure 4.5 presents the film thickness measurements and predictions versus the
entrainment speeds for all bleed-oils« 40, 60 and 80 ˝C . In all cases, the film thickness
measurements increased with the entrainment speed at a rate of « U0,67. The bleed-
oil film thickness followed the same trend observed with the base oil (LiM1 ě LiCaE ě
PPAO), but with significantly different values. The coefficients of pressure-viscosity
αfilm were determined on the basis of the best R
2 fit between measurements and
predictions, and are given in Table 4.4 for each operating temperature.
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Figure 4.5.: Film thickness versus entrainment speed: Experimental and predicted
values at 40, 60 and 80 ˝C . Bleed-oils.
Table 4.4.: Pressure-viscosity coefficients of the bleed-oils at « 40, 60 and 80 ˝C .
αfilm¨[GPa´1] LiM1 LiCaE PPAO
« 40 ˝C 43.5 27.8 24.4
« 60 ˝C 40.0 25.8 17.3
« 80 ˝C 36.8 20.3 12.8
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4.3.5. Grease film thickness - Background
The EHL theory for rolling contacts is well established in the case of fully flooded,
oil-lubricated contacts [138]. In the case of grease-lubricated contacts, however, this
theory is far from complete. Many studies with lubricating greases suggest that:
• thickeners pass through rolling EHD contacts and hence contribute to EHD
formation [127, 153]. Some thickeners seem to enter the contact easier then
others [13];
• film thickness depends basically on the thickener structure and is thinner in
the following order: aliphatic, aromatic and alicyclic greases when the same
ether-type synthetic oil is used as base oil [154];
• polymer additives seem to pass through the contact whatever the composition
of the initial grease [13,155];
• thickener layers are also present on the contact surface at the end of full bearing
tests and ball-on-disc tests [11,99,156];
• lubricating greases with the same formulations generate higher film thickness
for higher base oil viscosities and thickener concentrations [19];
• the film thickness difference between a grease and its base oil depends on base
oil viscosity, thickener type and concentration [19];
• the thickener of high shear stability greases is more able to survive inside the
contact, thus contributing more to EHD film thickness than low shear stability
greases [19];
• grease builds a higher film thickness than its base oil under fully flooded lub-
rication [127,139,154,157];
• film thickness varies little in function of time due to mechanical work (shear
degradation) [158];
• grease yield stress has a negligible effect on fully flooded EHL film thickness
[159];
• thixotropic and poor convective cooling can significantly reduce film thickness
[160].
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It is important to note that not all of the above assumptions are widely accepted
and that most of these studies were carried out over short periods of time and thus,
represent only the earlier stages of grease lubrication.
Nowadays, it is understood that bulk grease fluid may indeed lubricate the contact
during the initial phase of operation but that it will also act as a reservoir, releasing
lubricant either by bleeding, shear, or shear-induced bleeding. The result is that the
active lubricant will ultimately have a different rheology than bulk grease. Unfor-
tunately, there is no consensus in the scientific literature regarding the rheological
properties of the active lubricant.
Regarding EHL models, in the early 1970s Kauzlarich and Greenwood [159] had
already developed a model for fully flooded grease lubricated line contacts, by as-
suming that grease is a semi-fluid with strong non-linear rheology (Herschel-Bulkley
rheological model). A more appropriate rheological grease model was proposed by
Bauer [68] and used by Dong and Qiang in 1988 [18] to model the film thickness of
line contacts. The same rheological model was used by Bordenet et al. in 1990 [126]
but this time, for point contacts. From these EHL models and considering a strong
non-Newtonian rheology, it was found that at high shear rates, base oil viscosity
is the most important parameter and yield stress does not have an impact on film
thickness.
Many other researchers have developed simple models for film predictions in fully
flooded grease lubricated contacts, as shown in Equations 4.11 [19], 4.12 [20] and
4.13 [161].
∆h “ p1`BΦq0,67 (4.11)
h
hoil
“
ˆ
K
ηbo
˙0,74
(4.12)
h “ hR ` hoil (4.13)
where ∆h is the relative film increase of the grease in comparison with its base oil, B
a constant taken as 2,5 from [162], Φ the volume fraction of soap (equivalent to soap
concentration), h the film thickness of the grease (Figure 4.6), hoil the film thickness
of the base oil (Figure 4.3), K the Bingham grease consistency (obtained from Figure
3.25), ηbo the base oil viscosity (Table 3.11) and hR the residual layer measured at the
end of the test at zero speed (unknown). The hR value used is the highest residual
layer measured with lubricating grease found in the literature [163].
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Table 4.5.: Comparison between film thickness calculated with Equations 4.11 to 4.13
and the measured values presented at Figure 4.6. Grease PPAO, Ue “
0,5 m/s.
Param. Values Calc. hgrease{hoil Meas. hgrease{hoil Error [%]
Eq. 4.11
B 2.5
1.24 2.22 -44.14Φ 15.30 %
Eq. 4.12
K 4.02 Pa.s
33.4 2.22 1404hoil 167 nm
ηbo 0.035 Pa.s
Eq. 4.13 hR 80 nm 1.48 2.22 -33.3
These models were compared to the experimental results shown in Figure 4.6 but no
agreement was found. Table 4.5 provides the input needed for solving Equations 4.11,
4.12 and 4.13. In the same table, the outputs of these equations were compared to
the grease film thickness measurements in terms of hgrease{hoil. The results measured
were obtained with PPAO grease at Ue “ 0, 5 m/s.
4.3.6. Grease film thickness - Results
Figure 4.6 shows the film thickness measurements versus the entrainment speeds
for all lubricating greases at 40, 60 and 80 ˝C . Again, it was observed that the
typical film thickness increased with speed, suggesting a Newtonian behaviour in the
inlet region [164]. Although the continuous lines are presented in Figure 4.6 only to
emphasizes this trend ph9U0,67q, it is NOT a grease film thickness prediction. The
film thickness values of lubricating greases were similar to the bleed-oil values and
consequently, also followed the LiM1 ě LiCaE ě PPAO order.
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Figure 4.6.: Film thickness versus entrainment speed: Experimental values at 40, 60
and 80 ˝C . Greases.
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4.4. Discussion on fully flooded film thickness results
An attempt to define the active lubricant in EHL contacts in fully flooded lubrica-
tion was performed by comparing the central film thickness of the lubricating greases
to those of their base oils and bleed-oils at 40, 60 and 80 ˝C , as shown in Figures 4.7
to 4.9. The film thickness prediction of base oils and bleed-oils are also presented.
These figures show that each grease and its bleed-oil generated a similar central film
thickness, which is higher than the film thickness generated by the base oils.
The differences between base oils and bleed-oils (or greases and their base oils,
since hgrease « hbleed´oil) are specific to each lubricant. Such differences might be
expressed by the relative film thickness increment ∆h, as defined by
∆h r%s “ hbleed ´ hbase
hbase
ˆ 100 (4.14)
Figure 4.10 gives the average values and deviations of the relative film thickness
increment (∆h - Eq. 4.14) for each lubricant at 40, 60 and 80 ˝C . ∆h is approximately
constant for the whole range of entrainment speeds, although some deviations were
noted due to a scattering of the film thickness measurements.
It was also observed that the relative film thickness increment (∆h) was very high
in the case of PPAO (between 80 % and 180 %, depending on the temperature) and
much lower in the case of LiM1 (between 10 % and 25 %). LiCaE ∆h is between
LiM1 and PPAO. Figure 4.10 also shows that all bleed-oils (and consequently all the
lubricating greases) had a significantly higher capacity to build-up a lubricating film
than the corresponding base oils, and their performance was even better at higher
temperatures. This was true for all the operating conditions used.
Cann et al. [19] also studied the difference in central film thickness between greases
and their base oils, and suggested that the relative film increment depends on the
thickener type and its concentration, on the base oil viscosity and, above all, on
the inlet lubricant supply. In the present work a temperature dependency was also
evident, as shown in Figure 4.10. ∆h increased with temperature, despite the fact
that LiCaE presented slightly lower ∆h at 60 ˝C than at 40 ˝C . This is likely related
to the viscosity improver additives, which are present in the lubricating greases and
bleed-oils, but absent in the base oils.
Cann et al. [19] also observed ∆h from 2.5 to 24.8 % at 20 ˝C for Lithium greases
formulated with conventionally refined base stocks (ν “ 309, 8 cSt at 20 ˝C ) and
that ∆h increased up to 88 % when Calcium was blended with the Lithium, although
thickener concentration, base oil type and viscosity were kept constant.
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Figure 4.7.: Film thickness versus entrainment speed: Comparison between grease,
base oil and bleed-oil at 40, 60 and 80 ˝C . LiM1.
103
4. Lubricant film thickness in a grease and oil lubricated contact
102 103
102
speed [mm/s]
film
 th
ick
ne
ss
 [n
m]
LiCaE − H0c @ 40ºC
 
 
Base oil
Bleed−oil
Grease
102 103
102
speed [mm/s]
film
 th
ick
ne
ss
 [n
m]
LiCaE − H0c @ 60ºC
 
 
Base oil
Bleed−oil
Grease
102 103
102
speed [mm/s]
film
 th
ick
ne
ss
 [n
m]
LiCaE − H0c @ 80ºC
 
 
Base oil
Bleed−oil
Grease
Figure 4.8.: Film thickness versus entrainment speed: Comparison between grease,
base oil and bleed-oil at 40, 60 and 80 ˝C . LiCaE.
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Figure 4.9.: Film thickness versus entrainment speed: Comparison between grease,
base oil and bleed-oil at 40, 60 and 80 ˝C . PPAO.
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Figure 4.10.: ∆h r%s ´ Relative film thickness increment between base and bleed-oils.
In spite of the scattering of the film thickness measurements that was observed,
the use of the bleed-oil properties provided a better correlation with the grease meas-
urements as compared to the base oil; therefore, the bleed-oil might be considered
the active lubricant in EHL contacts under fully flooded lubrication.
Other evidence of bleed-oil importance in film formation was shown by Couronne´
et al. [3] and Per-Orlof Larsson [4], both of whom obtained bleed-oil through static
bleed tests.
Couronne´ also showed film thickness measurements with base oil, bleed-oil and
greases in a ball-on-disc machine and, indeed, similar film thickness values between
greases and their bleed-oils were measured. Couronne´, however, directed the conclu-
sions of her work to the grease lubricating phase, and the bleed-oil performance was
not highlighted (see Figure 4.11, from [3]).
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Figure 2: Film thickness results for greases, base oils and bleed products
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Figure 3: Film thickness versus time at constant rolling speed
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Figure 4.11.: Film thickness results for greases, base oils and bleed products [3].
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Per-Orlof Larsson measured the lift-off-speed1 and breakthrough-speed2 of four
deep groove ball bearings in an SKF R2F test rig lubricated with base oil, bleed-oil
and greases. Again, no correlation between base oil and grease was found in the
lift-off-speed and breakthrough-speed, however the bleed-oils showed almost exactly
the same results as the greases, as their differences were within the margin of errors
for experiments (see Figure 4.12, from [4]).
Figure 4.12.: Avarage lift-off speed (left) and break-through-speed (right) for pure
base oil, bleed-oil and grease [4].
1Speed at which a transition from boundary to mixed lubrication is observed when the speed
increases from zero up to a certain value.
2Speed at which a transition from full film to mixed lubrication is observed when the speed
decreases towards zero.
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4.5. Results and discussion on grease thin-films under
fully flooded lubrication
4.5.1. Grease thin-films - Background
Grease film thickness behaviour (e.g., h9U0,67) mostly differs from that of its base
oil at very thin films and low speeds. In this case, base oils (not blended or fully
additivated) have the same h9U0,67 decrease rate when speed goes towards zero until
the moment when the hydrodynamic effect is not sufficient and h “ 0. In fact, it has
been shown that highly refined, non-polar base fluids exhibit classical hydrodynamic
behaviours down to less than 2 nm film thickness [165]. Lubricating greases on the
other hand, shows a decrease rate that goes from « U0,67 at high speeds, passes
by at a minimum rate and increase again at rates up to « U´1,4 when speed goes
towards zero (calculated from the results presented by Cann [166]). In this last region
measurements fluctuate wildly, standard deviation is very high and increasing film
thickness with decreasing speeds is not always linear (in a log-log plot). Depending on
the lubricant, operating conditions and surface properties, film thickness dependence
on speed can vary significantly.
Such phenomena are explained by considering that the film thickness is composed
by the sum of a static and a dynamic film component [161, 167]. The static film is
a layer that is adsorbed by the metal surfaces whether they move or not, and the
dynamic film is the one predicted by the EHL equations (oil film). In the case of the
lubricating greases tested, increasing film thickness with decreasing speed indicates
that the static film depends on time and/or speed.
Spikes observed the same behaviour shown in Figure 4.13 for several different ad-
ditivated fluids [168], where high films that appear to be highly viscous are seen
at low speeds, although these level out as speed increases and make a negligible
contribution to film thickness at higher speeds. Spikes also verified that when the
entrainment speed is rapidly reduced from a high value, the boundary film starts to
develop again, but at lower speeds, and builds back to its original, low-speed level
over some minutes. When the motion is halted, most (but not all) of the developed
film remains to separate the stationary contact.
Cann [164] also observed these effects in grease lubricated rolling contacts and
justified it by the passage of lumps of thickener through the contact. At low speeds,
hence low shear rates and shear stresses, the largest lumps are more likely to survive
and their effects are more obvious because of the thin films.
In this case, where the contribution of the “static” layer at low speeds does not
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contribute (or makes a negligible contribution) to film thickness at higher speeds,
a thin film with enhanced viscosity (due to additives-thickener/co-thickener-surface
interaction) is believed to be the active lubricant in EHL contacts [168]. This permits
a fluid film to be entrained at a lower speed than would otherwise be the case. It is
known that adsorbing polymer solutions, blends of a higher viscosity polar component
in a lower viscosity, less polar ones and organic friction modifiers behave in this
way [168].
4.5.2. Grease thin-films - Results
The film thickness measurements presented in Figure 4.6 were again measured
one year later for wider ranges of entrainment speed in order to compare fresh and
degraded grease performance, as will be shown in Chapter 7. The measurements of the
fresh greases showed really well grease behaviour when thin-films and low entrainment
speeds occur, and these will be used here to illustrate the grease mechanisms of
lubrication under these circumstances.
These film thickness measurements were carried out in a WAM 6A with a smaller
diameter (2R = 19,05 mm) ball and a P « 20 N load. Contact pressure, temperature
and operating procedures were the same as those described in Section 4.2.2.
Figure 4.13 shows the measured values (markers) and the predictions (continuous
lines) over entrainment speed. Predicted values were calculated with the bleed-oil
properties at 40 ˝C (η, α,Gcr, n - see Table 3.11) and Equation 4.7 in the case of
LiM1 and LiCaE, and Equation 4.9 in the case of PPAO.
All the lubricating greases showed a minimum film thickness value over the en-
trainment speed. The speed value with which the film thickness changes its manner
(Uhmin) depends on grease formulation. LiM1 changed the traditional Newtonian
behaviour when Uhmin « 0, 7 mm/s, LiCaE at Uhmin « 1 mm/s and PPAO at
Uhmin « 300 mm/s. At speeds lower than Uhmin lubricating greases showed an
increasing trend, with PPAO grease reaching values of hoc « 750 nm.
The PPAO lubricating grease showed a better capacity for forming a thick film
at low speeds, followed by the LiCaE and LiM1 (see Figure 4.13). This is most
likely related to the thickener type and concentration since such behaviour was not
as evident in the bleed-oils (see Figure 4.9 at 40 ˝C ), where several additives, but no
or hardly no thickener, were evidenced (see Figure 3.12). The adhesiveness of PPAO,
despite its low polarity thickener, was highly improved by the elastomer3.
3Information provided by the grease manufacturer.
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Figure 4.13.: Thin film thickness measurements versus entrainments speed at 40 ˝C
and P0 = 0,5 GPa. Greases.
4.6. Results and discussion on grease film thickness
under starved lubrication
4.6.1. Grease film thickness under starved lubrication -
Background
Starvation was visually observed using optical interferometry in the seventies [146,
169,170]. One observation was that as starvation proceeds an oil-air meniscus forms
in the inlet region and this moves towards the Hertzian contact circle as the sever-
ity condition increases (starved contact is illustrated in Figure 4.1). Film thickness
reduction coefficient was thus derived by many researchers on the basis of the posi-
tion of the inlet meniscus. Although this approach initially appeared promising, the
meniscus position could only be observed in model tests and could not be used to
predict film thickness in practical applications. Different models have therefore been
proposed, namely the thin layer flow [158, 171, 172], a novel and very promising way
to predict film thickness decay in starved EHL contacts. Unfortunately, this model
has not yet been applied to a significant amount of lubricating greases.
Starved film thickness is often time dependent and its value is governed by com-
peting lubricant supply and loss mechanisms. This balance is not constant in time
and can present a chaotic behaviour, see Lugt, et al. [173]. The lubricant supply and
loss mechanisms on rolling bearings depend on several mechanisms at the same time,
as summarized by [2]:
• contact forces between the rolling elements and the raceway;
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• contact forces between the rolling elements and the cage, see Damiens et al.
[174];
• centrifugal forces, see Gershuni et al. [175] and van Zoelen, et al. [172];
• gravity: Horizontal or vertical shaft arrangements;
• surface tension, see A˚strom et al. [176] and Gershuni et al. [175];
• capillary forces, see Jacod [177];
• ball spin [178];
• air flow;
• shocks/vibrations ;
• transient loading, see Cann and Lubrecht [179];
• start-stop operation.
Furthermore, the amount of oil available for lubrication may differ, depending on
grease formulation. This is determined by:
• the initial filling and distribution of lubricant, see Lugt et al. [173];
• grease bleeding: from the cage and the side reservoirs;
• grease rheology;
• grease degradation, see Cann, et al. [102];
• evaporation;
• oxidation.
In the case of the ball-on-disc device, the first two items are substituted by the
contact forces between the steel ball and the glass disc. Cann and co-workers have
extensively studied the lubrication mechanisms in a ball-on-disc contact, e.g. see,
[69,156,163,180,180], and references therein. They noted that different physical mech-
anisms may predominate depending on geometry, operating conditions and grease
type.
The most common trends in grease film thickness when replenishment is not im-
posed were reported by Me´rieux, et al. [5] and are illustrated in Figure 4.14.
In the case of the three tested greases (Figure 4.15), only behaviour C (starved
with stabilization) was observed. According to Cann [161], the level in which film
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Figure 4.14.: Characteristic starvation behaviour for grease lubrication [5].
thickness stabilizes (residual layer) is composed by a liquid layer of base oil on top
of a solid-like, thickener-rich layer, with thicknesses between 6 nm and 80 nm [163].
That layer, measured at the end of the test at zero speed, is a portion (or all) of the
static layer, referred in Section 4.5.
Such behaviour was well predicted by the thin layer flow model developed by Ven-
ner, et al. [171] using the base oil viscosity as input and the thickener layer thickness
as zero level. Such comparisons can be found in [21]. This is a remarkable result
and points to new lines of research aiming at studying thickener-additives-surface
interaction and their characteristics when thick boundary layers are formed.
4.6.2. Grease film thickness under starved lubrication - Results
Figure 4.15 shows film thickness measurements under starved conditions versus
time at 40 ˝C , P0 “ 0.5 GPa and Ue “ 0.1 m/s. All lubricating greases revealed
a quick film thickness decay followed by a significant reduction of the decay rate
with time (stabilization), as shown in Figure 4.14. The values of the stabilized film
thickness of each grease represent averages of all film thickness measurements for time
ą 1250 s, and are given in Table 4.6. LiCaE grease presented the lowest stabilized
value, followed by LiM1 and PPAO.
The very high standard deviation in these measurements is related to grease ma-
terials crossing the contact, as already reported by several authors [127,164,181,182].
This may indicate that the constituents of PPAO grease pass through the contact
more often and in larger lumps than the constituents of LiCaE and LiM1, and is in
agreement with the findings of Couronne´ et al. [3] and Cann et al. [156].
Couronne´ et al. [3] when comparing 4 lubricating greases with different formula-
tions, had already verified that polymers tend to pass through the contact at a higher
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Table 4.6.: Film thickness versus time under starved lubrication. P0 “ 0.5 GPa,
T “ 40 ˝C , Ue “ 100 mm/s.
LiM1 LiCaE PPAO
Film thickness [nm] 50.4 28.3 63.2
Variation [nm] ˘16 ˘12 ˘45
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Figure 4.15.: Grease film thickness versus time under starved conditions at
P0 “ 0.5 GPa, T “ 40 ˝C and Ue “ 100 mm/s.
rate as compared to lithium. Likewise, Cann et. al [156], when comparing several
Lithium, Calcium and Lithium-Calcium greases with the same base oil type, verified
that the contribution of Calcium to film formation was much greater than that of
Lithium. This behaviour was attributed to Calcium crystals, which are probably
larger than the lumps of Lithium in the contact inlet.
Longer test periods and measurements at zero speed should be performed for a
better evaluation of a greases capacity to form a film under starved lubrication. The
results shown in Figure 4.15 only indicate that Polypropylene seems to contribute
the most to increase the film locally, Lithium seems to contribute the least, whilst
Calcium is in between the two. This could be related to the thickener’s capacity to
survive the mechanical work to which it is submitted and thus, the thickener that
survives this work with larger lumps is more likely to generate an increase of higher
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local film.
In case the local increase in film thickness were to be disregarded after stabilization
(time ą 1250 s), film thickness would be higher for LiM1 grease (« 40 nm), followed
by LiCaE, which is only slightly higher than PPAO (both of « 20 nm). This suggests
that the lubricant film is formed by a thin layer of bleed-oil and is constantly, but
momentarily, increased by the thickener’s passing through the contact.
4.7. Discussion and conclusions on grease film
thickness
The authors’ analysis of the film thickness measurements is in agreement with
several authors’ previous observations and adds some important aspects regarding
separate film properties in EHL contacts.
Under fully flooded lubrication, which can be related to the churning phase and
the early stages of the bleeding phase in grease lubricated rolling contacts, it was
observed that:
• lubricating greases and their corresponding bleed-oils generate similar film thick-
ness values under the same operating conditions;
• grease and bleed-oil generate higher film thickness than the corresponding base
oil;
• bleed-oil properties depend on base oil nature and viscosity, thickener and co-
thickener type and concentration, additive package, the interaction between
grease constituents and the manufacturing process;
• FTIR analysis showed that base oil and bleed-oil are chemically different, how-
ever it was not possible to correlate their IR spectra differences with their film
thickness performance;
• pressure-viscosity coefficients of bleed-oil can be estimated by correlating the
film thickness measurements with an appropriate centre film thickness equation,
if the flow curve of the bleed-oil is known, i.e., if the flow parameters (η0, Gcr
and n) are known;
• grease thin-film measurements at very low rolling speeds showed unusually thick
films and increasing film values with decreasing speed, contrary to usual fluid
film behaviour. Such behaviour was not observed for base oils and bleed-oils,
indicating that such behaviour is associated with the thickener / co-thickener;
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• the speed at which lubricating greases change their trend (Uhmin) depends on
grease formulation; the thickener type and concentration are most likely the
dominant factors;
• the grease thicker films observed at low speeds do not contribute to the film
thickness at high speeds, which approach the bleed-oil ones and follow a typical
Newtonian trend ph9U0,67q;
• the thick films observed at low speeds seem to increase in time suggesting
subsequent thickener deposition on the track.
These results suggest that the grease mechanism of lubrication under fully flooded
lubrication is governed by the bleed-oil, and therefore the grease film thickness can
be predicted by considering the bleed-oil properties. The accuracy of this prediction
depends on how the lubricant parameters were obtained and the film thickness equa-
tion selected. A more accurate solution should include flow curves at higher pressures
and shear rates.
The main advantage of using bleed-oil properties over grease ones to describe grease
film thickness is the application of already developed and well established technolo-
gies to characterize and model lubricating oils. At very low speeds and thin films,
however, bleed-oil does not represent grease film behaviour for any longer time. Un-
der these conditions, the dominant lubrication mechanism seems to be governed by
the thickener/co-thickener.
Under the starved elastohydrodynamic regime, which is the dominant condition
that many grease lubricated rolling contacts operate under after the initial stages of
the bleeding phase, it was observed that:
• film thickness decreased rapidly over time followed by stabilization;
• the stabilized values fluctuated wildly and the standard deviation was very high;
• the stabilized film probably consisted of a liquid layer of bleed-oil with thickener
material passing through the contact;
• the liquid layer resulted in a loss of equilibrium (mostly due to pressure ejection)
and resupply mechanisms (mostly due to re-flow effects);
• thickeners with more susceptibility to cross the contact, that contributed the
most to local increases in the film thickness follow a PP ą Ca ą Li order;
• the higher the thickener’s susceptibility to cross the contact, the higher the
likelihood of residual film due to subsequent deposition (enhanced-viscous or
thickener-rich layer);
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• the thickener layers are most likely physically deposited rather than result of
a chemical reaction, since there were no visible boundary layers in the samples
after washing.
These results suggest that the grease mechanism of lubrication under starved con-
ditions is initially governed by the bleed-oil + thickener/co-thickener that passes
through the contact. During its passage through the contact this may be deposited
on the surfaces due to the severe conditions in the high pressure zone. The more
the thickener that passes through the contact, the higher the possibility of thickener
deposition and thicker residual layers. Thickener / co-thickener effects on locally in-
creasing the film follows the PP/rubber ą Ca ą Li. However, as the starved tests
were carried out over a very short period of time (30 minutes), the lubrication mech-
anisms may change after that. For instance, in cases of severe operating conditions,
it is expected that the additives will interact with the surface and change the way
that grease performs.
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5.1. Introduction
Traction properties, characterized by the low shear viscosity, limiting elastic shear
modulus, and limiting shear stress the material can withstand, are of great interest
in the development of lubricants, in the design of traction drives, dynamic behaviour
design and failure analysis of some machine elements and for the proper choice of
lubricants for a given application [22, 183]. Although prediction of the traction be-
haviour of lubricating oils is well documented [183, 184], it is not well established
for lubricating greases, mostly due to the as yet unknown properties of the lubricant
film, as described in the previous section.
Actually, even for oil lubrication, two main approaches have been used to de-
termine the parameters that describe oil traction behaviour, very often leading to
different results. One approach defines traction parameters by adjusting them in
order to obtain the best R2 fitting with traction measurements [59, 185, 186]. The
other approach employs primary laboratory data and no fitting procedure is required,
although the correlation factor (R2) of this approach is still unsatisfactory [187–189].
Both approaches have their followers and there is no consensus here. In addition, the
properties of the boundary layers, which considerably affect traction values, depend
largely on the lubricant-additive-surface interaction that is not yet well known. Sur-
face topography is another important aspect that considerably influences rolling and
sliding friction in EHL contacts and which is difficult to model [138].
As described before, there is no overall agreement on how grease lubricates the
contact and there is some uncertainty regarding the rheological properties of the
lubricant film [22,23]. Most of the grease single-contact tests have therefore aimed at
understanding film formation and properties, whilst very few works on grease traction
behaviour have been published.
Consequently, the authors only experimentally analysed the grease traction be-
haviour in a ball-on-disc device in order to complement the understanding of the
117
5. Traction coefficient in a grease lubricated contact
friction torque model (Chapter 6), which requires inputs of friction coefficients under
full film and boundary lubrication. The effect of entrainment speed, slide-to-roll ratio,
temperature and lubricant properties on the traction coefficient were thus analysed.
5.2. Materials and methods
Grease traction coefficient measurements were conducted in a Wedeven Associates
Machine (WAM) ball-on-disc test device, model 11A with controlled temperature
under fully flooded and starved conditions. The machine was described in the previ-
ous chapter but a brief description will be given here because traction measurements
require a different arrangement.
During traction measurements the ball runs against the upper part of the disc, as
shown in Figure 5.1. Here, the load is applied by moving the disc upwards towards
the ball and since both contacting bodies are made of steel, the contact pressure may
rise to 2.91 GPa. The remaining conditions related to machine operation capabilities
were described in Section 4.2.58 PAPER A. EHL FRICTION MAPPING
Figure A.1: WAM ball on disc test device
The test device contains a built in cooling and heating system allowing for lubri-
cant test temperatures between 5 and 100 ◦C. A closed loop system supplies the ball
on disc contact with new lubricant.
Load cells are used to measure the force on the three principal axes where the
machine operates, X, Y and Z. The test device also measures shaft rotating speeds, oil
pump speed and values from up to twelve thermocouples. In the current setup three
thermocouples are used. One is located in the oil bath, one in the outlet of the oil
supply and one measures oil ﬁlm temperature very close to the inlet region in the ball
on disc contact.
The lubricant is supplied to the contact trough the oil dispenser in the middle of the
disc in Figs. A.1 and A.2. The oil dispenser has several small holes on the underside
which distributes the lubricant on to the disc. The supply to the oil dispenser is secured
by a hose pump delivering approximately 60 ml/min which is connected to the oil
sump.
A.3.2 Test specimens and lubricants
Two different pairs of test specimens were used in the test. The ﬁrst pair, referred to as
"smooth" is made fromAISI 52100 bearing steel, where the balls are taken direct from
factory and the discs are processed the same way as raceway material. These speci-
mens both have a hardness of HRC = 60 and very smooth surfaces (approximately 30
nm Sa for the ball and 55 nm Sa for the disc) whereas the second pair, referred to as
"rough" is made of AISI 9310 gear steel for both ball and disc providing a rougher
grind closer to gear roughness, approximately 220 nm Sa for the disc and 200 nm Sa
for the ball. The 9310 disc is case carburized to a depth of about 0.8 mm and has a
Figure 5.1.: WAM 11A ball-on-disc test device: Traction measurement arrangement.
Lule˚a University of Technology.
5.2.1. Test specim ns
The ball and disc sed were made from AISI 52100 b aring steel, with 13{162
(20,637 mm) and 100 mm diameters, respectively. The roughness of the disc was
measures with a Wyko NI1100 optical profiling system from Veeco. Measurements
were done using 10ˆ magnification and 0, 5ˆ field of view (FOV). The ball roughness
was provided by the manufacturer.
The ball and disc properties are presented in Table 5.1 and the grease properties,
in Table 3.11.
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Table 5.1.: Ball and disc data.
Ball Disc
Elastic Modulus ´E [GPa] 210 210
Poison Coefficient ´ν [-] 0.29 0.29
Radius ´R [mm] 10.3185 50
Surface roughness ´σ [µm] 0.02 0.20
5.2.2. Test procedure
Two different test sets were carried out to measure the traction coefficient of the
lubricating greases described in Chapter 3. In the first set, fully flooded conditions
were ensured by using a scraper; the scraper was not used in the second set and the
tests were performed under starved lubrication.
The load applied was 266 N, which corresponds to a maximum Hertz pressure of
P0 “ 1.86 GPa. Three operating temperatures were used: 40, 60 and 80 ˝C . The test
cycle of each set covered entrainment speeds between 0.37´ 2.8 m/s and slide-to-roll
ratios from 0,05 to 5,45 %. In all cases the ball rotated faster than the disc. The
temperature control is described in Section 4.2.2.
The test cycle contained several loops where the SRR was held constant and the
entrainment speed increased from 0.37 to 2.8 m/s. The SRR was held at 0.05 % in
the first loop and increased in each loop until it reached 5.45 %. The same test cycle
was repeated twice for each grease and temperature; repeatability was good. The
maximum difference between the two tests was 8 % under fully flooded conditions
and 12 % under starved conditions. Error values were calculated disregarding the
friction values measured for SRR ă 0.5 %, where the error rises to 250 %. Logged
data from each test was processed separately, but the results presented here are an
average of the two test cycles.
5.3. Friction map analysis
The measured values of the test cycles are shown in a 3D friction map for each
lubricating grease and temperature. As friction maps contain SRR, entrainment
speed and traction coefficient values, they can replace several Traction and Stribeck
curves and offer a better overview of the grease friction characteristics.
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Figure 5.2 represents the friction map for LiM1 grease at 80 ˝C , under fully
flooded lubrication. This figure was chosen as it represented better the general trends
observed in the fully flooded tests. A friction map can be divided in 5 parts according
to the factors governing / influencing the friction [187]. TThe friction regimes in full
film lubrication (1-3, 5) were proposed by W. Habchi, et al. [190].
1. Linear regime: Friction varies linearly against SRR indicating that frictional
response of the contact is governed by the Newtonian behaviour of the lubricant
(or Newtonian + Elastic behaviour according to Bair and Kotzalas [191]).
2. Non-linear viscous regime: Friction departs from linear behaviour indicating
that shear-thinning and/or thermal dissipation and/or limiting shear stress be-
haviour of the lubricant is affecting the friction response of the contact.
3. Plateau region: Friction reaches an asymptotic value and shows very little vari-
ation indicating that the frictional response of the contact is governed by the
limiting shear stress behaviour of the lubricant.
4. Mixed regime: Friction varies due to a transition from mixed to full film lubric-
ation. Here, friction behaviour is governed by asperity interaction and hydro-
dynamic effect.
In case the combinations of speed and SRR go beyond the ones shown in Figure 5.2,
the 5 - Thermoviscous regime is observed [190]. In this regime, friction decreases with
increasing sliding speeds, indicating that both thermal dissipation and shear thinning
effects are governing the frictional response of the contact and overwhelming all other
effects, including limiting shear stress.
Note that as these regimes depend on operating conditions and lubricant properties,
they do not necessarily come together in a friction map.
According to the flow chart proposed by W. Habchi, et al. [190], for the operating
conditions (high loads, slow to high speeds and low SRR values) used under full
film conditions, the dominant parameter in frictional response of EHL contacts is
the limiting shear stress (LSS). Shear-thinning effects may also occur before LSS is
reached, but thermal effects have little influence.
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Figure 5.2.: Typical 3D friction map obtained under fully flooded lubrication with
the different traction regimes highlighted.
5.4. Results
5.4.1. Fully flooded tests
The average values of the test cycles under fully flooded lubrication are shown as a
3D friction map for each grease and temperature in Figures 5.3 to 5.5. The greases are
positioned in a well defined order of magnitude of the traction coefficient, where the
LiM1 consistently generates the highest traction coefficient, followed by the grease
LiCaE, that is only slightly higher than the PPAO grease (LiM1 ą LiCaE « PPAO).
The first three friction regimes previously described (1-linear, 2-non-linear viscous
and 3-plateau) are seen for all tested greases whatever the operating temperature.
The 4-mixed regime, where the traction decreases with increasing film thickness, is
hardly observed at the 40 ˝C measurements, but it is significant at higher operating
temperatures. It occurs due to a lubrication regime transition (from mixed to full
film lubrication) that takes place at 60 and 80 ˝C , while at 40 ˝C the tests run
mostly in full film condition. This is well depicted by the specific film thickness
predictions showed in Figure 5.6 for all lubricating greases, operating temperatures
and for the highest SRR. The predictions were performed using the Equation 5.1 and
the bleed-oil properties presented in Table 3.11.
Λ “ H
σc
; σc “
b
σ2disc ` σ2ball (5.1)
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Figure 5.3.: LiM1 friction map at 40, 60 and 80 ˝C . Fully flooded lubrication.
Figure 5.4.: LiCaE friction map at 40, 60 and 80 ˝C . Fully flooded lubrication.
Figure 5.5.: PPAO friction map at 40, 60 and 80 ˝C . Fully flooded lubrication.
122
5.4. Results
where H is equal to Hoc from Equation 4.7 for LiM1 and LiCaE bleed-oils (Newto-
nian), and H is equal to Hock from Equation 4.9 for PPAO bleed-oil (non-Newtonian).
Surface roughness are given in Table 5.1. The thermal correction (φT - Equation 4.8)
was considered in both equations.
The specific film thickness values correlated well with the transition of the friction
regimes from 4 - Mixed regime (Λ ă 1) to 3 - Plateau region (Λ ą 1), as observed
by comparing Figure 5.3 to 5.5 with Figure 5.6. Were the specific film thickness
predictions to be carried out considering the base oil viscosity, PPAO would reach
full film (Λ ą1) at U “ 1 m/s at 40 ˝C , U “ 2,25 m/s at 60 ˝C and it would not do
so over Λ ą1 at 80 ˝C , which would not corroborate the traction measurements.
The 5-thermoviscous regime is only slightly visible in the LiM1 friction map at 40
˝C for the combination of high speeds and SRRs (see Figure 5.3 - left).
The slight decrease of the traction values with increasing speed when Λ ą 1,
which was mainly observed with PPAO and LiCaE at 80 ˝C , no longer depends on
film thickness. In these conditions, the friction response may be governed by shear
thinning effects and thermal dissipation.
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Figure 5.6.: Specific film thickness at 40, 60 and 80 ˝C of all lubricating greases. Fully
flooded lubrication
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5.4.2. Starved tests
Likewise, the average values of the test cycles under starved lubrication are shown
in Figures 5.8 to 5.10.
Friction maps obtained under starved and fully flooded lubrication shared some
features. Both presented a high traction coefficient gradient when little sliding was
induced from pure rolling. According to Bair and Kotzalas [191], under these op-
erating conditions (high pressure « 1.85 GPa and very low SRR ď 0.5 %) there is
another regime that will supersede the Linear regime (Newtonian viscous regime).
This regime is called elastic creep of the contact bodies and is characterized for being
independent of the lubricant properties. Here, in spite of the high instability of the
measurements at very low SRR, dependency of the lubricant and lubrication regime
(or a non evidence of the elastic creep contact bodies behaviour) was evidenced in the
traction curves, indicating that such regime did not supersede the Newtonian viscous
one (see Figure 5.7). For example, traction values measured under starved lubrica-
tion always presented faster increase rates with SRR than those obtained under fully
flooded conditions in the linear regime.
Under starved lubrication, friction maps are not as “smooth” as under a fully
flooded regime because of the uncontrolled starved conditions that lead to sudden
and significant changes to film thickness over time (see Figure 4.15) that are shown
to affect the traction behaviour of the lubricating greases. Consequently, repeatability
in the starved tests was worse than the fully flooded ones, as described in Section
5.2.2.
Contrary to that which was observed in the fully flooded tests, it was noted no
trends regarding the traction coefficient’s order of magnitude. At 40 ˝C the highest
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Figure 5.7.: Traction curves at very low SRR1s, T “80 ˝C , Ue “ 2.8 m/s.
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Figure 5.8.: LiM1 friction maps at 40, 60 and 80 ˝C . Starved lubrication.
Figure 5.9.: LiCaE friction maps at 40, 60 and 80 ˝C . Starved lubrication.
Figure 5.10.: PPAO friction maps at 40, 60 and 80 ˝C . Starved lubrication.
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traction coefficient was reached with PPAO grease (test aborted due to high friction,
taking place at exactly the same combination of SRR and speed (or time) in both
tests - see Figure 5.10) and the lowest one with LiCaE. At 60 ˝C the highest traction
coefficient was reached with LiM1 grease, followed by LiCaE and PPAO, which were
similar. At 80 ˝C the highest traction coefficient was reached with LiCaE grease (test
aborted due to high friction, taking place at exactly the same combination of SRR
and speed (or time) in both tests - see Figure 5.9) and the lowest one with PPAO.
Traction values measured under starved lubrication were always higher than the
ones measured under fully flooded conditions. As described earlier, film thickness is
expected to show a very rapid decay with low film thickness values after stabilization
(mix / boundary lubrication). This leads to increased asperity interactions, thin
films with unknown properties (but probably governed by thickener-additive-surface
interaction) and consequently higher traction coefficients.
Due to the differences in film generation, here it was observed divergent trends
from the ones seen under fully flooded condition at low speeds (ď 1.5 m/s). Instead
of the Mixed to Plateau (film regimes: mixed to full film) transition of the friction
regimes that is characterized by increasing traction values with decreasing speed, the
traction values dropped as speed decreased. This was most likely related to film
thickness decay over time, which kept higher films (or similar ones) during the firsts
test loops (low speeds) up to the moment it reached a stable condition (thickener-
layer with bleed-oil in the top). The decrease of traction values with increasing
speed afterwards is not fully understood but it could be related with the increasing
formation of a solid-like or enhanced viscous film by additives, thickener and oil
over time, as the thickener / additives pass through the contact and are physically
deposited on the surfaces [155].
5.4.3. Influence of temperature
Operating temperature influences the traction coefficient by changing lubricant
properties such as viscosity, pressure-viscosity and by limiting shear strength. In the
case of lubricating greases, the higher the operating temperature, the lower the lubric-
ant properties. Increasing temperature leads to lower film thickness and consequently
higher shear rate, which in turn increases the traction coefficient. On the other hand,
a reduction of the lubricant properties also reduces the traction coefficient.
Figure 5.11 displays the percentage differences between the traction coefficient
values at 40 ˝C and 80 ˝C under fully flooded lubrication (pTV80 ´ TV40q ˆ 100).
The negative values in the lower speed region indicate that the traction coefficient is
higher at 80 ˝C .
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Figure 5.12.: Maximum traction coefficient at 40, 60 and 80 ˝C of each grease under
fully flooded lubrication.
The traction values at 80 ˝C are higher than the ones at 40 ˝C in the low speed
region due to their different lubrication regimes. At 80 ˝C the contact is operating
under mixed / boundary lubrication, while at 40 ˝C it is under full film conditions.
On the other hand, at higher speeds, traction values at 80 ˝C are lower than at
40 ˝C because full film lubrication has been reached, asperity contacts are reduced
and high shear rates are less significant than the decrease in lubricant properties
(viscosity, pressure-viscosity and limiting shear stress).
Figure 5.12 shows the maximum TVFF for each grease and operating temperat-
ure. It is important to mention that the maximum traction coefficient was always
measured at the lowest entrainment speed (« 0.375 m/s), highest SRR (« 5.2 %) and
highest temperature. It clearly shows that when the operating conditions approached
the lubrication boundary (low speed, high SRR and high temperature) the traction
coefficient attained its maximum value.
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5.5. Discussion and conclusions on grease traction
coefficient
Two interesting facts emerge from the analysis of Figures 5.3 to 5.5 and 5.8 to 5.10:
i) under fully flooded conditions, the greases are positioned in a well-defined order
of magnitude for the traction coefficient and ii) LiM1 greases consistently generates
the highest friction coefficient, followed by LiCaE greases, which are slightly higher
than PPAO greases. This trend does not remain under starved lubrication, which
is different depending on the operating conditions. PPAO greases did not replenish
the contact under low speed and temperature and therefore failed in such conditions.
This may be related to their low oil bleed rate and high consistency. LiCaE on
the other hand failed at high temperatures. Under these conditions the system is
operating under severe boundary conditions and probably, the low additivation of
LiCaE was not enough to form a low-shear boundary layer; metal to metal contact
occurred, significantly increasing the traction values.
The trends observed under fully flooded lubrication (Mineral ą Ester – PAO)
had already been observed by Branda˜o et al. [192] when comparing the traction
curves for 6 different gear oils. These authors claimed that traction curves more or
less follow the grouping by base oil types. This trend was also verified in bearing
tests by Fernandes et al. [193] and in the friction torque measurements presented in
6.
Grease or bleed-oil film thickness measurements under fully flooded lubrication
followed the same trends as the traction measurements (Mineral ą Ester – PAO).
The lubrication regime transition (mixed to full film) predicted by the film thickness
equations using bleed-oil properties correlated nicely with the traction regimes (mixed
to plateau) transition. This may indicate that limiting shear strength is most likely
proportional to the pressure-viscosity coefficient and somehow connected to low-shear
viscosity. Several authors have already reported a relationship between the lubricant
parameter (viscosity and pressure-viscosity coefficient) and the limiting shear strength
[194–196].
Lubricating greases running under fully flooded conditions behaved similarly to
lubricating oils. Analysis of these curves revealed the influence of the operating
variables, namely:
• traction coefficient decreases significantly with increasing speed if lubrication
regime transition takes place, and slightly at full film lubrication;
• increasing SRR influences the traction coefficient in the same way but at dif-
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ferent levels for fully flooded and starved tests;
• at very low entrainment speeds, traction coefficients under fully flooded and
starved lubrication are very similar;
• SRR and operating temperature influences are more significant under fully
flooded lubrication;
• starved lubrication produces a higher traction coefficient;
• increasing entrainment speed increases the traction coefficient in starved tests
for all SRRs tested, unless replenishment occurs;
High traction values observed for PPAO at 40 ˝C and LiCaE at 80 ˝C in both test
cycles that were shut-aborted, occurred for exactly the same combinations of SRR and
speed (or time) due to severe starvation. This suggests that the grease mechanisms
of lubrication under starved lubrication can be predicted when the initial lubrication
condition is controlled.
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6.1. Introduction
The internal friction torque that occurs in rolling bearings is a major concern, since
the main function of rolling bearings is to transmit load at very low friction. Thus, un-
derstanding internal friction in rolling bearings becomes relevant when energy saving
and bearing performance optimization are required. A more efficient transmission,
in general, generates less heat, less wear, less power loss and, consequently, implies a
lower impact on nature due to fewer waste materials (worn out mechanical transmis-
sions and lubricants).
There are several models for predicting the internal friction torque of rolling bear-
ings in the literature [6,94,197–199]. The models based on a large number of experi-
mental results, including thrust ball bearings, however, are those provided by bearing
companies, such as FAG [24] and SKF [8]. Of these, the new SKF friction torque
model is the only one that considers the true physical sources of the friction torque,
hence it provides a better understanding of the bearing operating conditions. This
model, however, does not take into account the grease formulations (thickener type
and concentration) that may influence the torque measurements.
Again, the challenge of predicting the friction torque of rolling bearings is the uncer-
tainty regarding the properties of the active lubricant in the contact and consequently,
the impossibility of accurately predicting the lubrication regime and friction beha-
viour. In fact, very little has been published on grease analysis in full bearing tests
and there is no consensus as to how grease operates in rolling bearings. According
to Cann et al. [11, 102], grease lubrication mechanisms after the churning phase de-
pend on bearing type, operating conditions and grease properties; base oil oxidation,
thickener degradation, and anti-wear/boundary properties will all play a role. A
general trend based on few experimental results from Cann and co-workers [11, 102]
suggests that after running long periods at high speeds (ą 10000 rpm), high temper-
atures (ě 100 ˝C ) and low loads, the active lubricant becomes degraded / oxidized
grease containing a significant amount of thickener, whilst a similar bearing running
at similar operating conditions but at low speeds (« 1500 rpm) is mostly lubricated
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by a “free” oil containing little thickener.
Scarlett [91] verified the formation of pads of grease with a higher soap content
than fresh grease under the cage bars of rolling bearings and concluded that this
occurred due to bleeding in the first « 100 h of operation. After that, he claimed
that grease no longer bleeds, hence it does not contribute to the lubrication process.
Scarlett also verified that lubricating greases near to the seals also do not supply the
rolling contact with bleed-oil, but they prevent the bleed-oil released from different
parts of the bearing to escape.
Aside from the difficulty in understanding grease film formation since it depends
on several factors, there is an overall agreement that grease lubricated bearings are
generally running under starved lubrication conditions after the churning phase. This
has been shown in full bearing tests by Wilson in 1979 [157] and Wikstro¨m and
Jacobson in 1997 [200] and in many single-contact tests [139,154,201]. On the other
hand, the starved situation does not actually mean boundary lubrication as after 240
hours of full bearing tests, the average minimum film thickness measured by Wilson
[157] was around 0.4 µm, which gives a specific film thickness greater than 1 (Λ ě 1)
considering the typical value of the composite surface roughness of spherical and
cylindrical roller bearings at that time (σs « 0, 35 µm - worst case scenario). Many
other short period (few hours) tests in bearing simulation devices also demonstrated
that grease retains a separating film [15,201] for a wide range of operating conditions.
Therefore, based on the above arguments and the results from Chapter 4, one can
say that grease lubricated rolling bearings operate mostly under starved lubrication
but retain a separating film, which is characterized by the bleed-oil in the earlier
stages of the bearing operation and by a little-known lubricant material after that.
One of the principle constraints to better understanding grease operation especially
during the late stages of lubrication, is the extensive tests that are required, as well
as the limited academic availability of full bearing test-rigs.
As only the first stages of the bearing operation are studied in this chapter, the
possibility of using bleed-oil properties for predicting friction torque is discussed.
6.2. Materials and methods
The behaviour of the new generation of lubricating greases, such as biodegradable
greases, polymeric greases, greases with nano-particles (and even the usual lithium
mineral greases) is not yet well known, particularly in terms of rolling bearing wear
and power loss. Consequently, new experimental methods and analytical tools have
to be developed to study the tribological and energetic behaviour of these greases.
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Full-bearing experiments are the closest to the real application, as they give a
good indication as to how real system performance is influenced by changing cer-
tain operating parameters and grease Furthermore, this complements the measured
data obtained from the single contact tests presented in Chapters 3, 4 and 5. Al-
though several full bearing test rigs can be found in bearing companies, they are not
widely available for research. A test rig was designed and manufactured, therefore,
for performing rolling bearing tests with accurate friction torque and temperature
measurements.
6.2.1. Rolling bearing assembly
Rolling bearing tests were performed with a modified Four-Ball Machine (Cameron-
Plint TE 82/7752) where the standard four-ball arrangement was substituted by a
rolling bearing assembly, as shown in Figure 6.1. The new arrangement was developed
to measure the friction torque and operating temperatures in rolling bearings. The
device consists of: a shaft adaptor (6), which connects the machine input shaft to the
upper race (5); a support (2) and the lower race (3), both clamped to the bearing
house (1); a torque cell (11) protected by two plates (9, 13), which connect the bearing
house (1) to the lower support of the Four-Ball Machine through the pins (10, 12).
The retainer (7) and the cover (8) prevent lubricant leakage and contamination by
external sources.
During operation, load (P) is applied on the lower plate (12) and the rotational
speed (n) is transmitted to the shaft adapter (6), which is connected to the drive
shaft of the machine (see Figure 6.1). The rotating motion is led through the upper
race (5) to the rolling elements and cage assembly (4). The motion generates the
bearing internal friction torque, which is transmitted through the lower race (3) to
the bearing house (1), to the upper plate (9) and to the torque cell (11), all of which
are clamped together. During the test, the rolling bearing assembly is submitted
to continuous forced air convection by two fans, 38 mm in diameter and running at
2000 rpm, to remove the heat generated during the bearing operation.
The assembly also includes seven thermocouples located in strategic places to meas-
ure the lubricant and bearing housing temperatures, so that lubricant viscosity can
be calculated with reasonable accuracy. Two of these thermocouples (VI and VII, not
shown in Figure 6.1) are used to record the temperatures of the air flow surrounding
the bearing housing and the room temperature.
The bearing assembly permits lubrication by oil or grease; four types of rolling
bearings with different sizes can be tested, namely: thrust ball bearings (SKF ref.
51103 and 51107), tapered roller bearings (SKF ref. 30302 J2 and 30203 J2), angular
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Figure 6.1.: Schematic view of the rolling bearing assembly with a THBB 51107.
contact ball bearings (SKF ref. 7203 and 7204) and cylindrical roller thrust bearings
(SKF ref. 81102 TN and 81107 TN). Depending on the type of bearing, items (2) and
(6), shown in Figure 6.1, must be replaced. In this work only the tests carried out
with lubricating greases and thrust ball bearings SKF ref. 511071are reported (see
bearing characteristics in Figure 6.2 and Table 6.1). Surface roughness measurements
were carried out after a running-in period of 1 hour with some balls in three different
locations and a raceway fitted with a Hommelwerke T4000 device.
The bearing assembly was recently re-designed by the author to operate with more
bearing types and sizes, heating control and with the Stanhope-Seta 19900-0 Four-
Ball Machine.
In the case of grease lubrication, SKF recommends that the bearing should be
complete filled, while the free space in the housing should be only partly filled [8].
For the THBB 51107 and the bearing house (1), the volume of grease that satisfies
1Thrust ball bearing SKF ref. 51107 will be reported from here on as THBB 51107.
134
6.2. Materials and methods
Group Products Bearings, units and housings Ball bearings Thrust ball bearings Thrust ball bearings, single direction
Principal dimensions Basic load ratings Speed ratings Mass Designation
dynamic static Reference speed Limiting speed
d D H C C0
mm kN r/min kg -
35 52 12 19,9 51 5600 7500 0,08 51107
Figure 6.2.: THBB 51107 schematic view and dimensions.
Table 6.1.: Main characteristics of the thrust ball bearing SKF ref. 51107.
Princip. Dimens. Basic load ratings Speed ratings Surf. Roughness
d D H Dynamic C Static C0 Ref. speed Lim. speed σrace σballs
mm mm mm kN kN rpm rpm µm µm
35 52 12 19.9 51 5600 7500 0.07 0.12
these requirements in 2 cm3. This grease volume was used in all tests and should
ensure proper replenishment without causing excessive churning and heat generation.
The friction torque measurements are constrained by several factors, in particular,
the operating limits of the Four-Ball Machine and the torque cell characteristics
(Reaction Torque Sensor - KISTLER Type 9339A [202]). The operating conditions
imposed by the Four-Ball Machine allow texts with axial loads and rotational speeds
up to 6867 N and 5500 rpm, respectively. The torque cell is affected by a phenomenon
known as drift2. To avoid the drift effect, friction torque measurements must be
performed for short period of time (120 s) and stabilized temperatures (˘2 ˝C ).
6.2.2. Test procedure
All the measurements were performed according to the following procedures:
1. The new THBB 51107 was lubricated with 2 cm3 of fresh grease for each test;
2. Forced air convection was used;
2Drift is an undesirable change of the output signal that depends on measurement time and
temperature gradient.
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3. The running-in period was carried out with an axial load of 1000 N and rota-
tional speed varying from 100 to 5500 rpm during 10 min to accommodate the
grease inside the bearing;
4. The desired load and rotational speed are set to the required value;
Load, P “ 6867 N;
Rotational speed, n “ 100, 350, 500, 1000, 2000, 4000 and 5500 rpm.
5. Temperature data acquisition starts. The operating temperatures rise continu-
ously until stabilization is reached (« 1.5 hours);
6. When the temperatures have stabilized, the machine is turned off and immedi-
ately restarted, together with torque data acquisition;
7. Torque is measured during 120 s, and temperature stabilization is again reac-
quired (« 5-10 min) before the next torque measurements at the same speed;
8. Stages 6 and 7 are repeated three more times in order to obtain four measure-
ments of the friction torque under the same conditions;
9. Another rotational speed is set and stages 5 to 8 are followed.
The running-in period advised for lubricating greases is greater than the one used
here (1.5 h for the first measurement). Nonetheless, such methodology is justified
due to the constant friction torque values measured over 36 h (measurements carried
out after 2, 3, 4, 6, 12, 24 and 36 h, at 1000 rpm and 7000 N, for all three lubricating
greases), as shown in Figure 6.3.
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Figure 6.3.: Friction torque and operating speed versus time at 1000 rpm and 7000 N.
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In fact, for the THBB 51107 (without seals or shields) and with a free space
between the rolling bearing and the bearing house, the time for grease accommoda-
tion (churning phase) is probably less than 1.5 hours. All the torque measurements
were performed within a running time lower than 10 h to prevent grease degradation,
oxidation, thickener deposition or changing of the lubrication mechanisms from sig-
nificantly affecting the measurements. Even so, when boundary films were visually
observed at the end of the tests with some greases, their influence or when they were
generated is unknown.
Due to the short running time before torque measurements, it is believed that the
rolling bearing is operating during the grease bleeding phase. Under this condition
the lubrication mechanisms are governed by the oil that bleeds from the grease.
6.3. Experimental results
Figure 6.4(a) shows the internal friction torque measured in a THBB 51107, for
each entrainment speed and lubricating grease. The corresponding operating temper-
atures, measured with thermocouple III (see Figure 6.1) are shown in Figure 6.4(b).
Figure 6.4(a) shows that the internal bearing friction torque reached the highest
values with the mineral greases (LiM1) and the lowest values with the polymeric
greases (PPAO), whereas the torque values corresponding to the ester-based greases
(LiCaE) fall between the mineral and polymeric grease values. This also shows that
the bearing friction torque decreases as the rolling bearing speed increases.
Figures 6.4(b) shows that operating temperatures increase with the bearing speed.
The highest temperature values correspond to the mineral grease (LiM1) and the
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Figure 6.4.: (a) Friction and (b) operating temperature versus rotational speed
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lowest ones to the polymeric grease (PPAO), whereas the ester-based grease (LiCaE)
presented temperatures between the other two, which is in agreement with the friction
torque measurements. In fact, under the same operating conditions and constant
surrounding temperature, a higher bearing friction torque generates higher power
loss, higher bearing operating temperatures, and, consequently a greater evacuation
of heat to the surrounding area.
Bearing friction torque values are significantly different between the greases for the
entire operating speed range. At 2000 rpm for example, the bearing friction torque
and the operating temperature of the LiM1 were 59.4 % and 16.5 % higher than for
polymeric grease PPAO, respectively.
Friction torque behaviour is the sum of several sources of friction and this will be
discussed in the next section by means of the new SKF friction torque model.
6.4. Friction torque - SKF Model
The bearing friction torque model developed by SKF [6, 8] separates the friction
torque in the true physical sources of friction, namely the rolling torque (Mrr), the
sliding torque (Msl), the mechanical drag torque (Mdrag) and the torque loss on the
seals (Mseal), as shown in Equation 6.1,
Mt “ ϕishˆϕrs pGrrpnˆ νq0,6qloooooooomoooooooon
Mrr
`pGsl ˆ µslqlooooomooooon
Msl
`pVM ˆKball ˆ d5m ˆ n2qloooooooooooooomoooooooooooooon
Mdrag
`pKS1 ˆ dβs `KS2qloooooooooomoooooooooon
Mseal
(6.1)
As THBB 51107, however, has no seals and its drag loss is zero in the case of grease
lubrication, Mseal and Mdrag torque loss terms can be disregarded. Thus, the total
internal friction torque expressed in Equation 6.1 can be summarized to Equation 6.2
for a grease lubricated THBB 51107.
Mt “ ϕish ˆ ϕrs pGrrpnˆ νq0,6qloooooooomoooooooon
Mrr
`pGsl ˆ µslqlooooomooooon
Msl
(6.2)
The full explanation of the model for a THBB 51107 is given in Appendix B, which
summarizes the information available in [6, 8].
TSKF bearing friction torque predictions are compared to the experimental meas-
urements in Figure 6.5(a). The predictions were carried out using the base oil
kinematic viscosity, as shown in Figure 6.5(b) and data from Table 6.2.
As the friction torque predictions (continuous lines) exceeded by far the measured
values (dashed lines) for most of the operating conditions, a different application
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Figure 6.5.: (a) Friction torque measurements and predictions versus rotational speed;
(b) Operating temperature and base oil kinematic viscosity versus rota-
tional speed.
Table 6.2.: SKF parameters for bearing friction torque predictions [8].
Parameters Units Value
Krs - 6ˆ10´8
Kz - 3.8
R1 - 1.03ˆ10´6
S1 - 1.60ˆ10´2
Fa N 6867
D mm 52
d mm 35
dm mm 43.5
Grr - 0,1211
Gsl - 2521.9
µbl - 0.15
µEHL mineral oils - 0.05
µEHL synthetic oils - 0.04
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of the model is suggested. This consists of calculating the coefficient of friction in
full film conditions (µEHL) instead of using the constant value recommended for the
model (see µEHL in Table 6.2), as it is well known that µEHL depends on the operating
conditions and lubricant properties, as previously shown in Chapter 5.
In order to do so, the sliding torque component (Msl) was calculated using Equation
6.3, where the experimental bearing friction torque is used as input for the total
bearing friction torque (Mt ”Mexp) and M 1rr is calculated with equation B.6.
Msl “Mexp ´M 1rr (6.3)
thus providing the following coefficient of friction in full film conditions (µEHL):
µEHL “ Msl{Gsl ´ ϕbl ˆ µbl
1´ ϕbl (6.4)
Nevertheless, bearing friction torque measurements were systematically lower than
the corresponding predictions (see Figure 6.5(a)), which implies that negative µEHL
values were calculated for some operating conditions; this should not have happened.
This led to the analysis of the relative importance of some constants of the model.
At first, the internal geometric constants of the THBB 51107 bearing were identified
as among the very few types of bearings with “universal” constant values, regardless
of the series and type (see constants R1 and S1 at Appendix B, Equation B.3 and
B.8). This means that R1 and S1 values are the same for small bearings such as the
THBB 51107, as well as for medium and large size bearings.
Further analysis of R1 and S1 values was made by running new bearing tests with
fully formulated mineral, PAO and ester oils, for which the corresponding traction
curves under full film lubrication were known under similar operating conditions. The
bearing friction torque model was then run with known traction data for µEHL, and
R1 and S1 were optimized on the basis of a best R
2 fit between the friction torque
measurements and the friction torque model. This produced R1 and S1 values of
about 21.1 % lower than the ones shown in Table 6.2.
Some simulations with the full SKF friction torque model - Bearing BEACON
(not available for end users) were later performed at SKF-ERC in Nieuwegein, The
Netherlands3. This confirmed that there was a significant difference between the
model provided with the SKF General Catalogue GC6000 [8] and the full model
(Bearing BEACON), which considers true bearing geometry instead of R1 and S1.
The constraints used as inputs in both models are given in Table 6.3 and Figure 6.6.
Differences of about 18.5 % for the rolling torque (M 1rr) and 37 % for the sliding torque
3The author thanks SKF specialist Andriy Rychahivskyy for the calculations he performed with
SKF-Bearing BEACON model.
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Table 6.3.: Input parameters for friction torque predictions.
Grease thickener Lithium
Grease base oil Mineral
Grease additives EP, AW, AO (fully formulated)
Base oil viscosity at 40 ˝C 208.5 mm2{s
Base oil viscosity at 100 ˝C 17.5 mm2{s
Load 7 kN
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Figure 6.6.: Operating temperature and kinematic viscosity versus rotational speed.
Inputs to run SKF Bearing BEACON.
(Msl) were observed, as shown in Figure 6.7. Such differences were nearly constant for
the whole range of temperature (thus viscosity) and speed. Other simulations were
carried out varying the load, grease types, µEHL and µsl values; the same differences
were observed.
An analysis of the “Bearing BEACON” results and rolling torque Equation B.6
led to an 18.5 % reduction of geometric constant R1. That was the only constant
in equation B.6that would constantly shift M 1rr whatever the other inputs, i.e. a
reduction of 18.5 % in R1 will decrease 18,5 % in M
1
rr. Likewise, geometric constant
S1 was reduced by 37 %. The changes in geometric constants agree with the fact that
THBBs are amongst the very few types of bearings with “universal” constant values
and, most likely, should not be so.
According to SKF specialists, any substantial correction to the geometric factors
without re-doing the whole fitting procedure to express the true internal geometry of
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Figure 6.7.: Friction torque versus rotational speed: comparison between the results
from SKF BEACON and from SKF GC 6000.
the bearing may ruin the true relation between the internal and external geometry.
As the true geometric parameters of the THBB 51107, however, are unknown, the
reduction factors proposed for R1 and S1 will be used in this work as an approxima-
tion.
In addition to changing the geometric constants, bleed-oil properties were used
instead of base oil ones because of the evidence presented in Section 4.4. In the case
of PPAO bleed-oil, viscosity was measured for each bearing operating temperature as
shown in Figure 6.8. The low-shear viscosity was used as input in the model because
all the equations where the viscosity is present are related to the lubricant properties
in the surroundings of the contact inlet (see Equations B.2, B.4, B.5 and B.10), where
the shear rate is very small. Furthermore, the friction torque predictions correlated
much better with the measured values when the low-shear viscosity of the bleed-oil
was used instead of the base oil viscosity. The replenishment / starvation constant
Krs was increased to 11 ˆ 10´8 in order to account for the opened geometry of the
THBB 51107, which is more prone to lose oil than sealed rolling bearings.
Finally, the new bearing SKF friction torque model was applied taking the following
assumptions into account:
• a 18.5 % reduction of the R1 parameter;
• a 37 % reduction of the S1 parameter;
• low shear bleed-oil viscosity instead of low-shear base oil viscosity;
• Krs set to 11 ˆ 10´8;
• µEHL1 calculated according to Equation 6.4 instead of using the constant values
given in Table 6.2 (option 1).
142
6.4. Friction torque - SKF Model
100 101 102 103 104
10−1
100
γ˙ [1/s]
η 
[P
a.s
]
 
 
22.1 °C
26.9 °C
30.0 °C
42.0 °C
56.0 °C
74.8 °C
84.9 °C
Figure 6.8.: PPAO bleed-oil viscosity versus shear rate. Measured values (markers),
Carreau equation 4.10 (lines).
In order to verify whether µEHL1 follows the same trends observed during the trac-
tion measurements presented in Chapter 5, a second approach was used to determine
rolling bearing friction torque. This consists of using the traction values measured in
the WAM tests as input (µEHL2) in the friction torque model (Equation B.9).
µEHL2 values were extracted from the friction maps presented in Figures 5.3 to
5.5, for all the operating conditions (speed and temperature) in which full film was
observed, but only at SRR of 1.3 %, due to the small sliding expected in THBB
51107, as these are most likely in this order of magnitude. These values were therefore
interpolated and extrapolated to account for the operating conditions under which the
bearing tests were performed (see Equation 6.5). This Equation well described (R2 ě
0,94) the experimental observation of the friction maps, i.e., a slight linear decrease
of traction values with increasing speeds (n) and a second degree polynomial decrease
of traction values with rising temperatures (T ). This is better depicted in Figures
6.9 to 6.11, which show friction as a function of speed (n) and temperature(T ).
The markers indicate the coefficient of friction in full film conditions (µEHL2) under
bearing operating conditions. This approach is only intended to verify whether the
coefficient of friction (µEHL1) obtained from Equation 6.4 follows similar trends to
the measured ones, since the operating conditions in which they were obtained differ
from the bearing tests in terms of contact geometry and pressure.
µEHL2pT, nq “ a` bˆ T ` cˆ n` dˆ T 2 ` eˆ T ˆ n (6.5)
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The lubrication regime should be known in order to obtain a better understanding
of the friction torque model results. Therefore, the lubrication quality factor k (used
in rolling bearing technology) and the specific film thickness Λ (generally applied in
machine design) are determined in Section 6.5, as follows.
6.5. Lubricant film thickness inside the THBB 51107
As discussed in Chapter 4, predicting film thickness in grease lubricated ball bear-
ings is a major challenge and still not well known. The following assumptions were
considered for such predictions:
• lubricant film is characterized by the bleed-oil oil properties (initial stage of
grease lubrication);
• LiM1 and LiCaE bleed-oils are considered Newtonian and PPAO bleed-oil is
considered non-Newtonian;
• LiM1 and LiCaE bleed-oil viscosities vary with temperature according to ASTM
D314, Equation 2.4;
• PPAO (non-Newtonian) dynamic bleed-oil viscosities were measured at each
bearing operating temperature (see Figure 6.8);
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Figure 6.12.: Operating temperature and bleed-oil kinematic viscosity versus rota-
tional speed.
• The measured pressure-viscosity coefficient (α) was extrapolated for different
viscosities according to Gold et al. [60];
LiM1 and LiCaE bleed-oil dynamic viscosity measurements were carried out at
40˝C and 80 ˝C as described in Section 3.8.1. From that, the kinematic viscosities
were calculated using Equation 2.2. Equation 2.4 was then used to obtain the bleed-
oil viscosity at each bearing operating temperature. PPAO bleed-oil viscosity was
measured with a Physica MCR 301 - Anton Paar rheometer, smooth parallel plates
with 50 mm diameter (geometry PP-50) and a 0.2 µm gap for all bearing operating
temperatures, as shown in Figure6.8. From that, the kinematic viscosities were cal-
culated with Equation 2.2, using the low-shear viscosity values (average ν for 9γ ă102
s´1). It was also noted that the low-shear viscosity of PPAO bleed-oil also varies with
temperature according to ASTM D314.
The bleed-oil viscosity and operating temperature values versus the bearing rota-
tional speeds are shown in Figure 6.12.
The pressure-viscosity coefficient values (αfilm) of all bleed-oils were calculated
from the film thickness measurements at « 40, 60 and 80 ˝C and are given in Table
4.4. From that, a Gold-like equation [60] was used to extrapolate the pressure-
viscosity coefficients for each bearing operating viscosity.
αbear “ s ¨ νt (6.6)
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where ν is the bearing operating kinematic viscosity in mm2{s and s and t are con-
stants determined on the basis of a best R2 fit with the αfilm in GPa. The variation
of the pressure-viscosity coefficient with the operating viscosity is shown in Figure
6.13 and the values of s and n are given in Table 6.4.
Table 6.4.: Parameters n and t for all bleed-oils.
Bleed-Oil s t
LiM1 25.89 0.092
LiCaE 10.78 0.199
PPAO 1 0.556
The dynamic viscosity and the pressure-viscosity coefficient of the bleed-oils shown
in Figure 6.14 were then used to calculate film thickness in the THBB 51107. LiM1
and LiCaE film thicknesses were predicted with Equation 4.7 (Hamrock et al.) and
PPAO film thickness with Equation 4.9 (Katyal and Kumar). Moreover, as Equation
4.9 was developed for pure rolling point contacts, Katyal and Kumar [130], based on
their previous works [203–205], claimed that sliding adds only little to the extend of
film-thinning observed with pure rolling. Greenwood and Kauzlarich [125] observed
that shear affects the central film thickness of point and line contacts similarly, there-
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Figure 6.14.: Dynamic viscosity and pressure-viscosity coefficient versus rotational
speed.
fore use of Equation 4.9 9 when little sliding is expected (as in the case of THBB
51107) and for elliptical contacts, will present a reasonable approximation of the film
thickness. Tables 6.1 and 6.5, and Figure 6.14 provide the necessary parameters for
performing film thickness calculations.
Finally, the specific film thickness Λ in the centre of the contact was calculated
with Equation 6.7. The ball and race roughness (σball, σrace) are given in Table 6.1.
Λ “ Hoc
σc
; σc “
b
σ2race ` σ2ball (6.7)
The specific film thickness Λ is shown in Figure 6.15. This indicates that the
lubrication regime according to which the bearing is operating is mostly full film
lubrication (Λ ą 1). The lubrication regime in the friction torque model is related
to the weighting factor for the sliding friction coefficient (ϕbl), which is given by
equation B.10 and shown in Figure 6.16. As described in Appendix B, when ϕbl Ñ 0
the lubrication regime tends to full film lubrication, and when ϕbl Ñ 1 the lubrication
regime tends to boundary lubrication.
Figures 6.15 and 6.16 show that Λ and ϕbl are in good agreement. Mostly, Λ ą1
and the ϕbl Ñ 0 (full film), with an exception at 100 rpm, where LiCaE showed
Λ «1.22 and ϕbl « 0.22, and PPAO showed Λ «0.61 and ϕbl « 0.
There is another lubrication quality factor often used for rolling bearings - viscosity
ratio k. This is calculated with Equation 6.8,
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Table 6.5.: Geometric and material parameters of the THBB 51107 for film thickness
prediction.
Ball Raceway
Rx [m] 3,0 ˆ 10´3 8
Ry [m] 3,0 ˆ 10´3 -3.3 ˆ 10´3
E [Pa] 2,1 ˆ 1011 2.1 ˆ 1011
ν [-] 0.29 0.29
SRR [%] 1.3
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Figure 6.15.: Specific film thickness versus rotational operating speed.
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k “ ν
ν1
(6.8)
where ν is the actual operating kinematic viscosity in mm2/s and ν1 is the rated
kinematic viscosity depending on the mean diameter of the bearing and rotational
speed. ν1 was obtained from SKF website [206] and ν is considered the low-shear
kinematic viscosity. Figure 6.17 shows viscosity ratio k versus rotational speed for
all lubricating greases.
Viscosity ratio k is also in close agreement with ϕbl for most of the operating
conditions. The discrepancies between Λ and k in the case of PPAO are due to the
PPAO’s shear thinning behaviour, which is not considered in the viscosity ratio k,
but in the specific film thickness Λ.
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Figure 6.17.: Viscosity ratio versus bearing operating speed.
6.6. Friction torque model results
The results obtained from the model (after the proposed changes) are compared
with the measured values in Figures 6.18 to 6.20 for the lubricating greases LiM1,
LiCaE and PPAO, respectively. Each figure shows the measured friction torque with
deviations (Mexp), total friction torque, rolling torque and sliding torque predicted
using the traction coefficient calculated with Equation 6.4 (Mteo´1,M 1rr´1,Msl´1), and
total friction torque, rolling torque and sliding torque predicted with the traction
coefficient measured at WAM (Mteo´2,M 1rr´2,Msl´2).
Application of the model using the traction coefficients measured in the WAM tests
(µEHD2) presented very similar results to the ones obtained when µEHD1 was calcu-
lated with equation 6.4, and both predicted quite well the friction torque measure-
ments. This may indicate that traction coefficients measured under similar operating
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Figure 6.18.: LiM1: Measured and predicted rolling bearing friction torque versus
rotational speed.
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Figure 6.19.: LiCaE: Measured and predicted rolling bearing friction torque versus
rotational speed.
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Figure 6.20.: PPAO: Measured and predicted rolling bearing friction torque versus
rotational speed.
conditions in a ball-on-disc device could be used, as a rough approximation, as input
in the bearing friction torque model for a THBB 51107.
The divergence between measurements and predictions at low speeds in the case of
LiM1 grease (see Figure 6.18)suggests that the rolling bearing was operating under
mixed or boundary lubrication, although the weighting factor calculated, specific
film thickness and viscosity ratio, shown in the Figures 6.15 to 6.17, indicate full film
condition.
Friction sources M 1rr and Msl are governed by different factors. The rolling torque
(M 1rr Eq, B.6) is mainly dependent on the bleed-oil viscosity at the operating tem-
perature, on the operating speed and on the replenishment of the contact (ϕrs), while
the sliding torque (Msl Eq. B.7) is mainly dependent on the weighting factor (ϕbl)
and on the friction coefficient in full film EHL lubrication (µEHL). These two source
of friction losses (M 1rr and Msl) are analysed in the following sections.
6.6.1. Rolling torque - M 1rr
Figure 6.21 shows that rolling losses grow from zero (at zero speed) and become
very quickly dominant, with maximum values at about 350 - 1000 rpm depending on
the lubricating grease. Such an increase is related to the increase in film thickness (see
Figures 6.15 and 6.17). As speed increases further, rolling friction decreases because
of kinematic starvation (ϕrs) and/or inlet shear heating (ϕish) becomes relevant. A
high decrease of the M 1rr with increasing speed indicates the use of an excessively
high viscosity grease in the application.
152
6.6. Friction torque model results
0 1000 2000 3000 4000 5000 6000
0
10
20
30
40
50
60
70
80
90
Speed [rpm]
M
rr´
 [N
.m
m]
 
 
LiM1
LiCaE
PPAO
M
rr´
 [N
.m
m]
Figure 6.21.: Rolling Torque (Mrr1) versus rotational speed.
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Figure 6.22.: (a) Rolling Torque (Mrr1) and (b) Reduction factors product (ϕrsˆϕish)
versus the parameter (ν ˆ nˆ dmq.
The influence of the reduction factors ϕrs and ϕish in the rolling torque component
(M 1rr) is better observed in Figure 6.22. Figure 6.22(a) compares rolling friction
torque M 1rr to the operating parameter ν ˆ nˆ dm and the Figure 6.22(b) shows the
product ϕrs ˆ ϕish compared to the same operating parameter. These figures clearly
show that ϕrs ˆ ϕish strongly influences the rolling torque. In the case of PPAO
grease, ν ˆ n ˆ dm ě 107, thus ϕrs ˆ ϕish ď 0, 5; consequently, the rolling torque
is reduced by a factor ě 2.
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6.6.2. Sliding torque - Msl
Figure 6.23 shows (Msl1) and (Msl2) versus rotational speed, respectively. At low
speeds, there is a small area of high sliding loss, due to asperity interaction; very
quickly the sliding losses decrease as the film increases at rates of about 350 - 1000
rpm depending on the lubricating grease. After that, as speed continues to rise, the
Msl alters its trend for a lower decrease rate with entrainment speed. In this last stage
full film has already been reached and the decreasing sliding torque values with speed
are due to increasing temperatures, which reduces the µEHL as shown in Chapter 5.
The sliding torque (Msl) shows a direct relationship with the coefficient of friction
in full film conditions (µEHL), since the weighting factor (ϕbl) is nearly zero for
all lubricating greases in most of the operating conditions (see Figure 6.16). Such
relationship is seen when comparing Figures 6.23 with 6.24.
Close to the boundary regime (k ď 2) the weighting factor (ϕbl) increases consid-
erably, the boundary friction coefficient (µbl) gains importance and the sliding torque
increases. This explains why LiCaE Msl1 is high at 100 rpm, whilst µEHD1 is not
high.
The discrepancies between µEHD1 and µEHD2 (hence Msl1 and Msl2) are not easily
explained. First, there is an uncertainty about the lubrication regime in which the
bearing is operating. Second, it is evident that the traction values measured at
WAM (µEHD2) should not be directly applied in the model due to the differences of
the contact geometry, centrifugal forces, over-rolling periods and operating conditions.
On the other hand, although the approach presented for predicting the rolling bearing
friction torque needs some improvements, its predictions were in very good agreement
with the measured torques, as shown in Figures 6.18 to 6.20. Furthermore, the
boundary coefficient of friction, which was also considered constant (µbl “ 0,15),
may be influenced by boundary layers of thickener or additives.
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Figure 6.23.: (a) Sliding Torque - Msl1 and (b) Msl2 versus versus rotational speed.
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Figure 6.24.: (a) µEHL1 and (b) µEHL2 versus versus rotational speed.
6.7. Discussion and conclusions on rolling bearing
friction torque
Grease formulation and particularly, the interaction between thickener, base oil
and additives (bleed-oil), can significantly influence contact replenishment/starvation
(ϕrs), inlet shear heating effect (ϕish), the lubrication regime (ϕbl) and thus, the
rolling (Mrr1) and sliding friction torque (Msl). This means that two greases with
identical base oil types and viscosities, but different thickener and additive packages
(or manufacturing processes) may generate bleed-oil with different properties that
the base oils and consequently, different rolling and sliding torques.
These conclusions are better supported when a larger number of lubricating greases
are compared. Hence, the total bearing friction torques and operating speed meas-
urements of seven (7) different lubricating greases, which were published in a previous
work [207], are presented in Figure 6.25. Those measurements were carried out with
the same procedures described in Section 6.2; the grease properties are shown at the
end of the chapter in Table 6.7.
Figure 6.25 shows the operating temperature (T ), operating low-shear bleed-oil
viscosity (νbleed), viscosity ratio (k), total experimental friction torque (Mt), rolling
torque (M 1rr) and sliding torque (Msl), respectively. The lubricating grease properties
are shown in Table 6.7.
Several interesting trends emerged from the analysis of these figures. First, that
lubricating greases with the same base oil type (mineral, ester, PAO) showed very
similar bearing friction torque values for most of the operating conditions (see Figure
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Figure 6.25.: Operating temperature T , bleed-oil viscosity νbleed, viscosity ratio k,
total experimental friction torque Mt ” Mexp, rolling torque M 1rr and
sliding torque Msl versus rotational speed
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6.25(d)), whatever their base or bleed-oil viscosity (Figure 6.25(b)), thickener type
or additive package. Second, that the friction torque follows a well defined order
of magnitude according to the base oil type, where mineral oils showed the highest
friction torque values, followed by ester oils and PAO oils (LiM1ąLiCaEąPPAO).
From these two findings one might ask: if the total friction torque depends mostly
on the base oil type, but the thickener type, additive package and base or bleed-oil
properties do not play a major role on the total friction torque, why put so much
effort into grease characterization, friction torque models and measurements?
This question is explained by analysing bearing friction loss components (M 1rr -
Figure 6.25(e) and Msl - Figure 6.25(f)) and their influence on bearing performance
in terms of wear and failure. Whether or not viscosity seems to significantly affect
total friction torque, it still governs rolling torque by affecting Mrr, ϕrs and ϕish
and sliding torque Msl through ϕbl. Table 6.6 clarifies the influence of grease formu-
lation and properties on friction losses. For example, when comparing lubricating
greases with the same base oil type but different operating viscosities (LiM1 - LiM2
and LiPAO - PPAO at 1000 and 2000 rpm), different M 1rr are obtained. But when
comparing lubricating greases with different base oil and thickener types, similar op-
erating viscosities (LiM1-LiCaE-LiPuE at 2000 rpm), similar M 1rr are obtained. This
shows that the rolling torque is mostly influenced by the operating viscosity of the
bleed-oil. Sliding torque on the other hand is barely affected by the operating vis-
cosity when k ą 1, because in this situation ϕbl Ñ 0 and Msl is governed by µEHL,
which is not significantly affected by the viscosity.
In the case of lubricating greases with similar total friction torque (LiM1 - LiM2
and LiPAO - PPAO at 1000 and 2000 rpm), the ones with lower operating viscosity
will generate lower films (viscosity ratio k), hence lower rolling torques and higher
sliding torques (such as for LiM2 and LiPAO as compared to LiM1 and PPAO,
respectively). Rolling bearings running under low film thickness and high sliding
torque value conditions are more prone to severe wear.
These conclusions are based on friction torque measurements carried out over a
short period of time (ă 10 h), where the bleed-oil available for lubricating the contact
is most likely abundant (or at least enough) and probably the dominant lubrication
mechanism, as verified in Chapter 4. Furthermore, for most of the operating condi-
tions and lubricating greases, the lubrication regime sits on the full film (see Figure
6.25(c)). However, under different operating conditions, where there is not enough
oil to ensure full film lubrication (e.g., long tests), friction torque is most likely gov-
erned by the thickener-additives-surface interaction and the trends observed may be
significantly different.
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Table 6.6.: Bleed-oil viscosity, viscosity ratio and friction torque values at 1000 and
2000 rpm.
LiM1 LiM2 LiPAO PPAO LiCaE LiPuE
10
00
rp
m
ν [mm2{s] 108.97 46.50 12.47 487.55 100.63 94.76
k [-] 6.05 2.58 0.70 27.07 5.58 5.26
Mt [Nmm] 172.27 185.70 117.00 117.00 147.55 149.15
M
1
rr [Nmm] 71.05 52.74 26.98 49.52 69.67 68.55
Msl [Nmm] 101.22 132.96 90.02 67.48 77.87 80.60
20
00
rp
m
ν [mm2{s] 53.31 24.37 10.62 291.70 53.08 52.87
k [-] 4.18 1.91 0.83 22.89 4.17 4.15
Mt [Nmm] 155.61 155.99 99.79 99.35 129.12 126.88
M
1
rr [Nmm] 69.49 53.27 35.78 38.37 69.43 69.36
Msl [Nmm] 86.11 102.72 64.02 60.98 59.69 57.52
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7. Grease degradation
7.1. Introduction
FFrom the previous chapters, one may conclude that the lubrication mechanism
that seems to be dominant in single contact tests and full bearing tests during the
first hours of grease life (churning and initial stage of the bleeding phase) under
full film conditions is the bleed-oil properties. However, as running time passes, the
mechanical and thermal stresses to which the grease is submitted will give rise to
several physical, chemical and structural changes to the lubricating grease, which in
turn will modify the grease lubrication mechanisms [26, 105, 129]. The lubrication
mechanisms at this stage are not well known [17].
One obvious consequence of the running time is the gradual loss of bleed-oil up
to the moment that available bleed-oil no longer ensures full film lubrication, after
which the thickener-additives-surface interaction will play a significant role on the
lubrication process. Oil loss is only one amongst many other changes that occur
during grease aging.
Grease aging can be defined as permanent changes in the grease properties. These
changes go from simple long storage periods, where oil separation is observed, to
severe mechanical and thermal work to which lubricating greases are subjected in
rolling bearings. Grease aging depends mostly on its own formulation, bearing
type (size, geometry and material), bearing house geometry (free space around the
bearing), operating conditions (mainly speed and temperature), wear debris (and
other contaminants such as water) and running time, as observed by many research-
ers [11, 69,93,102].
Actual work in this field falls into two categories: analysis of used grease from
bearing tests [11, 102, 104, 208, 209] and thermal degradation of bulk grease samples
in laboratory tests [26,105,166,210,211]. The lubricating grease samples from bearing
tests are, in general, insufficient for performing any tribological test, and therefore
grease is only physico-chemically characterized. The thermal degradation of lubricat-
ing greases in a laboratory provides large samples suitable for physico-chemical and
tribological characterization, but in general, these tests poorly simulate the conditions
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within a bearing where thin greae films and mechanical shear stresses are present.
Recently, some improved tests were performed on thin films of grease spread on metal
surfaces [105], which although closer to the bearing tests, are still unsatisfactory due
to the lack of mechanical stress applied to the grease. Further improvements com-
bining thermal/rubbing experiments have been performed with a ball-on-disc device
that although it provided a larger amount of grease than that obtained in bearing
tests, was still not enough for a complete characterization of the aged grease [212].
Furthermore, the laboratory tests do not attempt to age the lubricating greases on
the basis of the degraded grease properties obtained from full bearing tests.
In order to overcome the problem of the small amounts of lubricating greases ob-
tained from bearing tests and the dissimilarity between grease samples from bearing
and laboratory tests, a different method/procedure, shown in Appendix C, was de-
veloped at SKF-ERC. This method was applied to LiM1, LiCaE and PPAO greases
and their fresh and aged performances were compared.
7.2. Aging: Practical approach
Different phenomena occur during the aging process, which can be classified in two
main groups - mechanical and chemical.
Mechanical aging promotes oil separation and deterioration of grease thickener
structure [17]. It leads lubricating greases to soften (reduction in consistency) or
harden (increase in consistency). Grease softening is caused by degradation of the
thickener material by shear, and grease hardening is caused by oil loss (“thickener
content increase”). These two phenomena occur simultaneously and affect each other.
In general, shear degradation effects prevail over oil loss in rolling bearings operating
under low temperatures, as suggested by the results presented by Lundberg and co-
workers [10, 27, 129, 213]. However, under very long running periods, oil loss (plus
wear particles mixed with the grease) may prevail, generating an increase in grease
consistency, as already reported by Mas and Magnin [214].
Changes in consistency can be defined by grease rheological properties such as
τy, G
1, G2 and τ ˆ 9γ (see section 3.8), and are related to the oil loss, as measured by
the remaining oil percentage method (see section 3.6). IR spectroscopy also qualit-
atively indicates the oil loss by an increase in the absorbance intensity of the band
at 1580 cm´1 in relation to the normalised peak at 1460 cm´1 for lithium thickened
greases [105]. In addition, FTIR technique provides information about thickener
breakdown due to shearing, although this is barely perceptible. According to Hurley
et al. [215], the chain-breaking reactions are characterized by an increase in peak
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absorbance intensity at 1377 cm´1 in relation to the normalised peak at 1460 cm´1.
The decrease in the weight/size of the molecules, due to chain-breaking, facilitates
lubricant mobility (softening), but on the other hand, their low weight molecules
(formed after breaking) are more susceptible to evaporation (oil loss-hardening).
Chemical aging development on lubricating greases is still not well known. Most
of the research work in this field concerns lubricating oils, while information about
the role of the thickener on the aging process is rare. It is known that thickener and
oil oxidation are not independent problems, since thickener-oil interaction depends
on grease constituents (properties and morphology) that change during the aging
process.
In spite of the uncertainty as to how oxidation develops in lubricating greases,
this is known to promote reaction/consumption of additives, acid formation, thermo-
oxidative degradation of thickeners, polymerization of base oils, thermo-oxidative
degradation of the base oils and varnish and sludge formation [17].
Consumption of additives (mostly antioxidants at high temperatures) is usually fol-
lowed by a rapid increase in Total Acid Number (TAN) to the point where antioxidant
additives are exhausted [209].
AAntioxidant consumption can be monitored by Fourier Transform Infrared -
FTIR, Inductive Coupled Plasma spectroscopy - ICP (ASTM D 5185) and RulerTM
(ASTM D6971), among others. All these techniques used to be applied to the oil
extracted from the grease, and some of them can be directly applied to the grease.
FTIR for example, presents a reasonable consistency between additive consumption
observed in the grease and the extracted oil spectra. Antioxidant consumption used
to be observed (and were in this work) in the ranges of 960 - 1020 cm´1 and 650 - 690
cm´1 for ZDDP [110], at « 1515, 1310 and 744 cm´1 for amine antioxidants [108,109]
and at « 1600 cm´1 for phenolic antioxidants [106]. Other additives, different from
the antioxidants, also react during the aging process and can be monitored using
FTIR spectroscopy.
As antioxidants are being exhausted, a number of chemical reactions leads to the
formation of a series of oxidation products depending on the grease formulation.
The main oxidation products of lubricating greases are aldehydes, ketones and alco-
hols, which may be further oxidized to give rise of carboxylic acid. These oxidation
products are observed by FTIR in the bands of 1740-1725 cm´1, 1725-1705 cm´1,
1200-1050 cm´1 and 1725-1700 cm´1, respectively [69].
The main grease changes observed with FTIR after the aging process are summar-
ized below.
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• Increase in intensity of the thickener band (Lithium 1580 and 1560 cm´1, Cal-
cium « 872 and 712 cm´1 and Polypropylene 2722, 998 and 972 cm´1) in
comparison with the peak at 1460 cm´1. This is attributed to an increase in
the thickener/oil ratio caused by oil loss due to bleeding or evaporation of short
chain, volatile hydrocarbons from the base oil [215].
• Increased thickener content is also apparent by the appearance of a shoulder
(or doublet at 1451 cm´1) at the peak at 1456 cm´1 peak in the bulk lithium
grease spectrum. This is due to an increase in the contribution of the soap
band (1451 cm´1) and a reduction in the contribution of the base oil band
(1461 cm´1), as described in Section 3.7. The larger the increase in the thickener
content, the more prevalent the thickener band (« 1451 cm´1) and the less
pronounced the base oil band at 1461 cm´1.
• The decrease in intensity at 1560 cm´1 denotes some breakdown of the thickener
structure. This is usually accompanied by a shift to higher frequencies of the
1580 cm´1 peak. During thin-film aging experiments, however, this is hardly
noticeable due to the increased evaporation of the base oil [103]. Grease break-
down is also related to a decrease in the intensity of the peaks in the region
of 2853-2953 cm´1, which is attributed to the breaking of C-H and C-C long
chains and to the increasing in the CH3{CH2 (« 1377/1460 cm´1) ratio [215].
• There is also a slightly decrease in the broad -OH group absorbance centred
at around 3330 cm´1 that is most likely caused by the evaporation of water
trapped in the thickener during the manufacturing process [216].
• The broadening and increase in intensity in the region of 3700-3000 cm´1 is
probably caused by O-H vibrations of hydroxyl groups in the thickener, by
alcohol species from the oxidation reaction or by water contamination [71,102,
104,217].
• Decrease in the intensity of the peaks related to the additive package due to ad-
ditive depletion/reaction are observed at the « 1515, 1310 and 744 cm´1 bands,
which are most likely amine antioxidants [108,109]; at 1747 cm´1, which is a car-
bonyl (C=O) of the ester group and often used in AW additives; at 1710 cm´1,
which is often used as an EP/AW additive and signed as Bismuth; at 1600 cm´1,
which is attributed to phenolic antioxidants [106, 107]; at « 1162 cm´1, which
used to be used as viscosity improver [106] and at « 1004 cm´1, ZDDP, which
also acts as antioxidant [11,110].
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• The rise of a broad absorbance band between 1750 - 1685 cm´1 due to the
presence of a range of oxidation products such as esters (1750-1725 cm´1),
aldehydes (1740-1725 cm´1), ketones (1725-1705 cm´1), carboxylic acids (1725-
1700 cm´1), alcohols (1200-1050 cm´1) [218] and the formation of other car-
bonyl species [102,219].
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7.3. Results: Comparison between aged and fresh
greases
All the techniques and experiments applied to the fresh lubricating greases in the
Chapters 3 to 6 were also applied to the AGED samples; their comparison is presented
in the sections that follow.
7.3.1. FTIR
7.3.1.1. LiM1
Figure 7.1(a) shows the infrared spectra of aged and fresh LiM1 grease samples. As
described in section 3.7, all spectra were normalized to the CH2 peak at approximately
1460 cm´1 in order to prevent disparities between spectra due to different sample
thicknesses.
No formation of oxidation products (arising from peaks in the 1750-1700 cm´1
range) was observed, which indicates that grease LiM1 was not or just slightly ox-
idised. A chemical reaction observed in the spectra was a decrease in the absorb-
ance intensity of the -OH grouped centred around the 3330 cm´1 band. This was
probably caused by a dehydration of the thickener, as it is known that lithium-12-
hydroxysteared dehydrates over a temperature range of 110 and 170 ˝C [216].
Fresh and aged thickener and bleed-oil samples were also analysed in order to
determine where the oxidation products remained (oil or thickener) and obtain a
better observation of additive depletion.
Figure 7.1(b) shows the IR spectra of fresh and aged extracted oil from LiM1 grease
samples. Only few changes were observed. This indicates that the extracted oil was
not or just slightly oxidised. One of the differences was indicated by a slight increase of
the 1740 cm´1 band caused by oxidation products such as aldehyde (1740-1725 cm´1)
and ester (1750-1725 cm´1). The other was related to the decrease in the peaks at
1600, 1516, 1164 and 1004 cm´1, which are attributed to additive consumption.
Figure 7.1(c) shows the IR spectra of the thickener extracted from fresh and aged
LiM1 grease. Due to the solid state of the thickener sample, the IR spectra had to be
collected in “reflectance mode” instead of the absorbance mode. Consequently, the
IR spectra are presented in Logp1{Rq, which is equivalent to absorbance.
The most noticeable differences were the decrease of several peaks in the 1150-
1000 cm´1 region and a considerable reduction in peak width and intensity at «
3335 cm´1, which was attributed to thickener dehydration. The absence of peaks in
the oxidation products region indicates that the thickener was not oxidised.
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Figure 7.1.: (a) Grease, (b) Bleed-oil and (c) Thickener spectra.
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7.3.1.2. LiCaE
Figure 7.2(a) shows the spectra of the fresh and aged LiCaE grease samples. The
oxidation products of the LiCaE were not seen at the same ranges of the LiM1
grease. Here, the main signs of oxidation were the increase of the base line at the
1900-800 cm´1 range, broadening of the 1740 and 1460 cm´1 bands and increase in
intensity of absorbance of the 1239 and 1165 cm´1 ester peaks [220].
The IR spectra show changes in thickener concentration due to a relative decrease
in intensity of the lithium peak at 1580 cm´1 and an increase in the calcium peak
at 872 cm´1 with a normalized peak at approximately 1460 cm´1. This suggests a
breakdown of the lithium thickener structure and a relative increase in the calcium
content due to oil loss. An increase in the CH3{CH2 (1377/1460 cm´1) absorbance
band ratio was noted, which indicates chain-scission reactions [215].
TThe aged LiCaE grease spectrum presented moderate to high levels of oxidation,
which is depicted by the significant increase in the base line, broadening and increase
in intensity around 3700-3000 cm´1, height increase at 1240, 1165 cm´1, and broad-
ening of the 1740 cm´1 and 1460 cm´1 bands. Such differences were probably due
to the oxidation products of several different structures, such as esters, ketones, al-
cohols, and so forth. Absorbance around 3700-3000 cm´1, characteristic of hydroxyl
groups and possibly indicating the presence of a hydroperoxide group, corroborated
the increase in intensity of the 925-1060 cm´1 band [221].
Figure 7.2(b) shows the IR of the oil extracted from the fresh and aged grease
samples. As opposed to LiM1 bleed-oil, LiCaE blood-oil was is oxidised. This is
seen by the increasing height of the 3467, 1417, 1240 cm´1 bands and the broadening
of the peak at 1740 cm´1. Peaks at 1602 and 1517 cm´1 were reduced in the aged
spectrum due to additive depletion.
Figure 7.2(c) shows the IR spectra of the fresh and aged thickener. Several chemical
changes were observed around 1800-600 cm´1. The most noticeable differences were
broadening and increase in intensity of the 1741, 1243 and 1170 cm´1 bands and
the concomitant increase in the 1300-900 cm´1 region. It is not clear whether those
changes were due to thickener aging or to the oxidised ester oil, which may have
remained together with the thickener during the separation process.
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Figure 7.2.: (a) Grease, (b) Bleed-oil and (c) Thickener spectra.
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7.3.1.3. PPAO
Figure 7.3(a) shows the spectra of the fresh and aged PPAO grease samples. It
is noticeable that no or just slight oxidation occurs. However the consumption of
AW additives at 1745 cm´1 and the depletion of the extreme pressure and anti-wear
additive at 1709 cm´1 (Bismuth) are clear. Furthermore, a significant decrease in
intensity of the peaks in the region of 2853-2953 cm´1 indicates that the C-H and
C-C long chains of PP and/or PAO were broken [222]. In fact, polymers submitted
to high shear and high temperature may undergo structural modification, mainly
scission, generally accompanied with deterioration of the physical and mechanical
properties, which results in a reduction of its rheological properties, such as apparent
viscosity and shear stress [223].
When comparing the aged and fresh bleed-oil in Figure 7.3(b), it is observed a
small decrease at the peaks at 1745, 1710, 1304 and 1167 cm´1, which are related to
additives consumption. The decrease in intensity of the peaks in the region of 2853-
2953 cm´1 also represents scission and evaporation of the more volatile compounds
of the oil. However, no or just slight oxidation is observed.
Figure 7.3(c) shows the IR spectra of the thickener extracted from the fresh and
aged grease samples. Again, the only significant chemical changes observed indicates
scission reaction. The sinusoidal shape at the base line is due to internal equipment
noise and does not represent the thickener characteristics.
From the spectra presented before, the following simplifications can be done:
• LiM1 grease is not or just slightly oxidised, but additive consumption and the
beginning of an oxidation process were observed in the aged bleed-oil spectrum;
several chemical changes were observed at the thickener spectrum.
• LiCaE grease showed moderate to high level of oxidation, chain-scission reac-
tions and additives consumption.
• PPAO grease is not or just slightly oxidised, but chain-scission reactions and
additives consumption were observed.
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Figure 7.3.: (a) Grease, (b) Bleed-oil and (c) Thickener spectra.
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7.3.2. X-ray fluorescence - XRF
Table 7.1 shows the most common elements used on grease additivation and their
concentration as a function of the total mass [wt % ˆ103], before and after the aging
process. The relative decrease/increase in percentage of each element after the aging
process is also given in the table by ∆c “ pFresh´ Agedq{Freshˆ 100.
The decreased content of some common elements usually used as additives (P, S,
Ca, Zn, Pb, Bi) was observed by comparing the XRF data of fresh and aged grease
samples. This supports the FTIR analysis presented in the previous section. Table
7.1 also shows an increase of the iron content (Fe) in the LiM1 (28.2 %) and LiCaE
(535.7 %) greases. As shown by Hurley et al. [105], oxidation occurs more rapidly and
reaches higher levels in the presence of metallic debris. Therefore, the high content
of Fe together with the low additivation of the LiCaE grease are likely to be the main
reason for the high level of oxidation.
The iron (Fe) content also indirectly indicates the grease’s ability to protect the con-
tacting surfaces, either by forming a hydrodynamic film or a boundary film (thickener
and/or additives). In this sense, the iron content suggests that PPAO has the highest
capacity for forming a film, followed by LiM1 and LiCaE.
Table 7.1.: Concentration in percentage of total mass [wt % ˆ10´3] of the chemical
content of fresh and aged grease samples.
P S Ca Zn Pb Bi Fe
Fresh LiM1 120.0 1649.0 3.0 285.0 8.0 0.0 4.9
Aged LiM1 82.5 696.5 3.0 156.4 8.0 0.0 6.3
∆c 31.3 57.8 0.0 45.1 0.0 0.0 -28.2
Fresh LiCaE 37.0 102.0 3145.0 29.0 0.0 0.0 2.8
Aged LiCaE 23.5 63.4 1958.0 12.3 0.0 0.0 17.8
∆c 36.6 37.8 37.7 57.6 0.0 0.0 -535.7
Fresh PPAO 6.0 581.0 22.0 0.0 14.0 717.0 2.9
Aged PPAO 2.2 123.4 0.2 0.0 11.4 643.6 2.9
∆c 64.2 78.8 99.0 0.0 18.8 10.2 0.0
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7.3.3. Remaining oil percentage and bleed-oil viscosity
The remaining oil percentage analyses were performed in order to evaluate the
grease oil loss due to the aging process. The method is described in Section 3.6 and
the results obtained are summarized in Table 7.2 and 7.3. Where ∆oil and ∆thick are
obtained from Equation 7.1
∆oil “ Agedoil ´ Freshoil
Freshoil
ˆ 100; ∆thick “ Agedthick ´ Freshthick
Freshthick
ˆ 100 (7.1)
Table 7.2.: Oil Content. Comparison between fresh and aged grease samples.
LiM1 LiCaE PPAO
Fresh [%] 88.71 79.51 84.52
Aged [%] 86.43 72.90 84.01
|∆oil| [%] 2.6 8.3 0.6
Table 7.3.: Thickener Content. Comparison between fresh and aged grease samples.
LiM1 LiCaE PPAO
Fresh [%] 11.29 20.49 15.48
Aged [%] 13.57 27.10 15.99
∆thick [%] 20.2 32.3 3.3
∆oil indicates the oil loss due to evaporation and/or bleeding that occurred during
the aging process. Figure 7.4 shows that the absolute value of the oil loss (|∆oil|)
decreases in a power law fashion with the dynamic viscosity of the fresh bleed-oil
measured at 40 ˝C (η). Although a relationship between oil viscosity and its evap-
oration rate [224] are usually observed, several other factors play a role in the oil
evaporation process, such as the thickener-oil chemical and physical interaction.
Figure 7.5 shows the measured dynamic viscosity of the fresh and aged samples
measured at 40 ˝C , and Table 7.4 summarizes their viscosity differences in the low
shear range, expressed by Equation 7.2.
∆η r%s “ ηaged ´ ηfresh
ηfresh
ˆ 100 (7.2)
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Figure 7.4.: Fresh bleed-oil dynamic viscosity versus oil loss (ηbleed-oil ˆ |∆oil|).
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Figure 7.5.: Bleed-oil viscosity at 40 ˝C . Comparison between fresh and aged samples.
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Table 7.4.: Bleed-oil viscosity at 40 ˝C . Comparison between fresh and aged samples.
LiM1 LiCaE PPAO
Fresh [Pa.s] 0.158 0.096 0.440
Aged [Pa.s] 0.243 0.470 0.470
∆η [%] 54.6 382.3 6.8
The increase in viscosity observed can be related to different reactions that occur
during the aging process such as evaporation of the low weight compounds of the base
oil and formation of high molecular weight molecules (polymerization). Due to the low
level of oxidation observed in LiM1 and PPAO lubricating greases and bleed-oils, the
increase in viscosity is probably due to the evaporation of the low weight compounds
of the base oil, while the significant increase in the bleed-oil viscosity observed in the
case of LiCaE is also attributed to polymerization, since LiCaE is highly oxidised.
Figure 7.6 shows that ∆η increases in a power law fashion with increasing oil loss
(|∆oil|), which suggests that evaporation of the low weight compounds of the base oil
prevailed over the bleeding process.
It is important to clarify that the aged LiCaE, when submitted to static and dy-
namic bleed tests (IP 121 and ASTM D4425, respectively) during 3 days at 70 ˝C
, did not release any oil, while LiM1 and PPAO did. Therefore, the aged LiCaE
bleed-oil was obtained with the remaining oil percentage technique. This does not
invalidate the comparisons presented in this section because it was verified, for the
other samples, that the viscosity obtained from the different methods is similar.
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Figure 7.6.: Absolute value of the relative dynamic bleed-oil viscosity versus oil loss
(|∆η| ˆ∆oil).
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7.3.4. Rheometry
The yield stress τy, storage G
1 and loss G2 moduli and the flow curve τ ˆ 9γ of
the aged samples were measured with the methodology presented in Section 2.10 and
compared with the corresponding fresh samples.
Figures 7.7 to 7.9 show the results from the creep tests at 40 ˝C for the fresh and
aged samples of LiM1, LiCaE and PPAO, respectively. Table 7.5 summarizes the
results presented in these figures.
Figure 7.10 and Table 7.6 present a comparison between the storage G1 and loss
G2 moduli of aged and fresh samples at 40 ˝C .
Figure 7.11 shows the shear stress versus the shear rate of the aged and fresh
samples at 40 ˝C .
Table 7.5.: Yield stress limits. Comparison between fresh and aged sample at 40 ˝C .
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Fresh Aged Fresh Aged Fresh Aged
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Figure 7.7.: Creep test: Shear strain vs. time for different applied shear stresses.
Comparison between fresh and aged sample of LiM1 grease.
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Figure 7.8.: Creep test: Shear strain vs. time for different applied shear stresses.
Comparison between fresh and aged sample of LiCaE grease.
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Figure 7.9.: Creep test: Shear strain vs. time for different applied shear stresses.
Comparison between fresh and aged sample of PPAO grease.
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Figure 7.10.: Storage G1 (—) and Loss G2 (¨ ¨ ¨ ) moduli. Comparison between fresh
and aged grease samples.
Table 7.6.: Storage and loss moduli versus oscillatory stress. Comparison between
fresh and aged samples at 40 ˝C in the LVE region.
Grease G1 Fresh [Pa] G1 Aged [Pa] G2 Fresh [Pa] G2 Aged [Pa]
LiM1 23690 27523 2778 2958
LiCaE 44893 5847 5895 2740
PPAO 24957 28 4394 56
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Figure 7.11.: Shear stress versus shear rate. Comparison between fresh and aged
samples.
Although aged samples of LiM1 are not or just slightly oxidised, additive con-
sumption, oil loss and increased bleed-oil viscosity were observed. This suggests
evaporation of the low weight compounds in the base oil. The oil loss, due to bleed-
ing and evaporation, promotes grease stiffening, which was observed by the increase
of all rheological parameters (τy, G
1, G2 and τ ˆ 9γ) - grease stiffening.
Aged samples of LiCaE showed significant oxidation, thickener degradation and
oil loss. Consequently, it was observed a significant increase in bleed-oil viscosity.
At low stresses (low shear rate or low shear stress), where the rheological response
of lubricating greases are dominated by their thickener structure, the aged LiCaE
sample showed a softening behaviour, which is likely due to thickener breakdown
(chain-scission reactions) and might be related to the formation of oxidation products.
This was observed in the rheological measurements of the aged LiCaE grease by its
lower recovering capacity (Figure 7.8), lower oscillatory parameters (G1 and G2) and
lower shear stress values at the low shear rate range ( 9γ ă 10 s´1) in the flow curve
(Figure 7.11). However, at higher stresses (high oscillatory stress and high shear rate)
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where the rheological responses of the lubricating greases are dominated by their oil,
LiCaE aged samples showed a stiffening behaviour due to their increased bleed-oil
viscosity. This was verified by their higher oscillatory parameters (G1 and G2) and
higher shear stress values values at high shear rates 9γ ą 10 s´1 in the flow curve.
Aged samples of PPAO were not or just slightly oxidised, oil loss and viscosity
increase were low, but significant chemical changes in the range of 2853-2953 cm´1,
representing chain-scission reactions, were observed. Chain scission reactions shorten
PP chain length and consequently lead to decreasing values of apparent viscosity
and other rheological properties [225]. This was noted in all rheological parameters
(τy, G
1, G2 and τ ˆ 9γ) that were measured.
7.3.5. Grease film thickness measurements
As discussed in Chapter 4, under fully flooded lubrication, grease and its bleed-oil
have similar film thickness values. Thus, grease film thickness may be predicted by
using the bleed-oil viscosity and pressure-viscosity coefficient in the case of Newtonian
lubricants (fresh and aged samples of LiM1 and LiCaE bleed-oil) and the bleed-oil
low-shear viscosity, pressure-viscosity coefficient, critical stress and power-law index
in the case of non-Newtonian lubricants (fresh and aged samples of PPAO bleed-oil).
Throughout this chapter, it was shown several significant changes to the lubricating
greases and their bleed-oil viscosities due to aging (degradation). Changes to the
pressure-viscosity coefficient, therefore, are also expected, as verified by Bair et al.
[135]. Consequently, the capability of aged greases to form and keep a separating film
might be different from fresh greases.
Film thickness measurements were carried out under fully flooded conditions where
a scraper was used to redistribute the grease back to the rolling track; and under
starved conditions, where the scraper was not used. All the tests were performed
at 40 ˝C . The load applied was 20 N, which corresponds to a maximum hertzian
pressure of P0 = 0.5 GPa for a ball with a 2R “ 19,05 mm diameter. First, the
film thickness measurements were performed under fully flooded conditions (with the
scraper) at an operating speed varying from 100 to 1000 mm/s, and then from 1000
to 100 mm/s. At that point (speed = 100 mm/s), the scraper was removed (starved
conditions) and the film thickness was measured over time during 30 minutes.
Figure 7.12 shows the film thickness measurements under fully flooded (left) and
starved (right) lubrication for fresh and LiM1, LiCaE and PPAO greases. All the aged
greases generated film thickness values above the measuring limit (« 750 nm) of the
optical device during the fully flooded lubrication measurements. This is depicted by
the constant film thickness values of « 750 nm observed in the figures.
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The differences between fresh and aged lubricating greases will be expressed by the
relative film thickness increment ∆h in the centre of the contact, defined by:
∆h r%s “ haged ´ hfresh
hfresh
ˆ 100 (7.3)
Under fully flooded lubrication, both fresh and aged samples of LiM1 showed in-
creasing film thickness at an entrainment speed of « U0,67, although the aged sample
presented higher film thickness values (∆h « 40 %), as shown in Figure 7.12(a).
In the case of aged LiM1 grease, oil loss and low levels of oxidation and of rheological
changes, together with the significant increase in bleed-oil viscosity ∆η « 54,6 %
suggest that the grease lubrication mechanisms are still similar to the fresh ones
although the bleed-oil is more viscous. The bleed-oil, therefore, may still be the
active lubricant, which would explain the increased film thickness. When using the
methodology described in Section 4.3.3, where the pressure-viscosity coefficient is
determined on the basis of the best R2 fit between film thickness measurements and
predictions, the pressure viscosity coefficient should increase ∆αfilm « 12 %, which
is reasonable.
UUnder starved conditions, fresh and aged LiM1 samples showed similar film thick-
ness decay with time. According to the thin layer flow model developed by Venner,
et al. [171], lubricating greases with higher base oil (bleed-oil) viscosity at the con-
tact inlet should present a lower decay rate with time (considering that the active
lubricant is the bleed-oil). This was not observed here, which may indicate that the
other constituents of the grease play a role in the film decay rate.
LiCaE greases also showed higher film thickness values after the aging process (see
Figure 7.12(b)). Even at low speeds (100 mm/s), measured film thickness values
were above the limit of the optical device (« 750 nm). At 100 mm/s, the relative
film thickness increment is at least ∆h « 310 %. Contrary to the LiM1, aged LiCaE
was highly oxidised, lost a significant amount of oil, presented several rheological
changes and additive consumption. Furthermore, when submitted to the centrifugal
oil bleed test (ASTM D4425), it did not release any oil during 72 h running at high
speeds (2000 rpm, that is « 20 m/s) and at a 70 ˝C temperature. This suggests that
the lubrication mechanisms of the aged LiCaE grease are not solely governed by the
bleed-oil properties any longer, but also by a material with enhanced viscosity or a
solid-like thick film, which may be formed by oxidation products and/or thickener
material and/or bleed-oil.
Under starved lubrication, the aged sample of LiCaE retained a significantly high
film thickness over time, while the fresh sample decayed rapidly. The film thickness
values of the aged sample is approximately one hundred times higher than the fresh
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Figure 7.12.: Film thickness versus entrainment speed. Comparison between fresh
and aged samples (a) LiM1, (b) LiCaE and (c) PPAO.
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sample when t = 30 minutes. The almost time independent film thickness of the aged
sample supports the idea of the active film having an enhanced viscosity that is not
easily ejected by pressure or centrifugal forces or being a deposited solid-like layer.
In fact, Cann [103] showed that the presence of additives seems to prevent thickener
deposition and that non-additivated greases generated deposited films consisting
mostly of degraded thickener as high as 600 nm (after 300 min), while additivated
greases did not form such films. In the case of LiCaE, where most of additives were
consumed after aging, it is likely that the film is not solely controlled by the bleed-oil
properties, but also by a solid-like or enhanced viscous film formed mostly of degraded
grease with a high thickener content deposited in the track.
Under fully flooded lubrication, PPAO also showed higher film thickness values
after the aging process, as shown in Figure 7.12(b). At a speed of 300 mm/s (before
low speed effect starts, i.e., film thickness no longer follows the h9U0,67 relation), the
relative film thickness increment is at least ∆h « 110 %.
The film thickness increment ∆h is not clear. This does not seem to be related
to the bleed-oil properties, because the viscosity that increased after aging was small
∆η « 6, 8%, which most likely implies small ∆αfilm, when for a perfect R2 fitting
with the measured film thickness values, a ∆αfilm of at least « 112 % it would be
required . This also does not seem to be related to the level of oxidation, because
PPAO grease was not or just slightly oxidised. Grease softening, which is often
related to contact replenishment [154], may not show significant effects in the case of
fully flooded tests because the replenishment is imposed. This suggests that the film
thickness increment is mostly related to additive consumption, which “allowed” for
the deposition of thick layers of grease material.
Under starved lubrication, the aged sample of PPAO retained higher film thickness
values than the fresh sample. According to Kaneta et al. [154], grease shear degrad-
ation (when bleed-oil viscosity does not change significantly) results in thicker films
due to the suppression of starvation, i.e., softening of the grease will improve grease
reflow, thus improving grease replenishment. Besides, as stated earlier, consump-
tion of additives allows for the deposition of degraded grease in the track, which also
increases film thickness. Aged PPAO also showed high local fluctuations in film thick-
ness values, although lower than the fresh sample. The reduction of local fluctuations
in film thickness may also be attributed to thickener degradation [154], thus reducing
the size of grease material entering the contact and therefore, local fluctuation.
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7.3.6. Traction coefficient measurements
Traction measurements were carried out in a ball-on-disc contact (steel ˆ steel)
under fully flooded conditions, where a scraper was used to redistribute the grease
back to the rolling track. All the tests were performed at 40 ˝C . The load applied
was 75 N, which corresponds to a maximum hertzian pressure of P0 « 1.29 GPa for a
ball with a 2R “ 19,05 mm diameter. The traction measurements were performed at
first with an operating speed varying from 0.1 to 1000 mm/s and SRR = 5 %, then
with constant speed of 1000 mm/s and SRR varying from 0,1 to 20 %.
Figure 7.13 shows the traction values of fresh and aged greases under fully flooded
lubrication.
All lubricating greases presented lower traction values after the aging process. The
highest reduction rate was observed for grease LiCaE, while greases LiM1 and PPAO
presented lower reduction rates. It is not clear how aging affected the traction values,
although make some assumptions are given.
The formation of oxidation products, such as alcohols and carboxylic acids, may
adsorb in the surface leading to friction reduction [32]. The higher film thickness
of the aged samples (see Figure 7.12) generates lower shear rates, thus lower shear
stresses and consequently, lower traction coefficients. Grease softening also presented
lower shear stress values (at least at low shear rates) and therefore, lower traction
values would be expected. On the other hand, the increased bleed-oil viscosity of
the aged samples can be expected to increase the traction values [194], although it is
known that viscosity and traction values are not necessarily connected.
This suggests that for all aged lubricating greases, increased film thickness con-
tributed to traction decreasing by reducing the shear rate in the contact, and in the
case of LiCaE, an additional reduction may be due to the action of the oxidation
products.
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Figure 7.13.: Traction coefficient. Comparison between fresh and aged samples (a)
and (b) LiM1, (c) and (d) LiCaE, (e) and (f) PPAO.
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7.3.7. Rolling bearing friction torque measurements
Friction torque measurements were carried out according to the process described
in Section 6.2.1. All the tests were performed at self-induced temperatures with
forced air convection. The load applied was 5000 N (P0 « 2.08 GPa); three different
rotational speeds were used, 500, 1000 and 1500 rpm.
Figure 7.14 shows the rolling bearing friction torque values for fresh and aged
greases as compared to the rotational speed. All the aged lubricating greases gener-
ated higher friction torques than the fresh ones. At first, this appeared to be counter
intuitive since the aged greases also showed lower traction values than the fresh ones,
as shown in Figure 7.13. Nonetheless, bleed-oil viscosity plays a significant role in the
friction torque model and may overcome the coefficient of friction effect, thus raising
the friction torque values.
The friction torque model could not be applied to these measurements because the
aged bleed-oil viscosity was only measured at 40 ˝C and the bearing tests were run
under self-induced temperature, which generated operating temperatures other than
40 ˝C . The influence of changes in the viscosity (∆η), however, shown in Table 7.4
and in the traction values shown in Figure 7.13, can be analysed in comparison by
running the friction torque model with the fresh and aged properties at 40 ˝C to
verify whether the experimental trends agree with the predictions or not.
Table 7.7 provides all the inputs to perform such comparisons at 40 ˝C and 1000 rpm,
and Table 7.8 provides the results. The full film coefficient of friction of fresh and
aged greases (µEHL) were obtained from Figures 7.13 at SRR “ 1.3 %.
Rolling bearing friction torque predictions for the aged greases were slightly lower
than the predictions for the fresh greases, while the measurements showed the oppos-
ite.
In the case of LiM1 and PPAO greases, the fresh and aged friction torque predic-
tions were quite similar, likely due to the experimental observations. In these cases,
where aged lubricating greases are not so degraded, the small differences between pre-
dictions and measurements may be as a result of the different operating temperatures
of the bearing tests against the constant values used in the predictions (T “ 40 ˝C ).
In the case of LiCaE, which is much oxidised, however, the differences were signific-
ant and cannot be only related to the different operating temperatures of the bearing
tests.
In fact, the difference between the aged LiCaE predictions and the measured values
indicates that the lubrication mechanism of this sample was no longer governed by
the bleed-oil.
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Figure 7.14.: Rolling bearing friction torque versus entrainment speed. Comparison
between fresh and aged samples (a) LiM1, (b) LiCaE and (c) PPAO.
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Table 7.7.: Used parameters for friction torque predictions.
Parameters Units LiM1 LiCaE PPAO
n rpm 1000 1000 1000
Krs - 11¨10´8 11¨10´8 11¨10´8
Kz - 3.8 3.8 3.8
R1 - 1.03¨10´6 1.03¨10´6 1.03¨10´6
S1 - 1.60¨10´2 1.60¨10´2 1.60¨10´2
Fa N 6867 6867 6867
D mm 52 52 52
d mm 35 35 35
dm mm 43.5 43.5 43.5
Grr - 0.1211 0.1211 0.1211
Gsl - 2521.9 2521.9 2521.9
ν40 fresh mm
2{s 186 95 530
ν40 aged mm
2{s 290 465 569
µbl - 0.15 0.15 0.15
µ40 fresh - 0.0530 0.0375 0.0264
µ40 aged - 0.0507 0.0217 0.0241
Table 7.8.: Friction torque predictions at 40 ˝C . Comparison between fresh and aged
samples.
N.mm LiM1 LiCaE PPAO
Mrr Fresh 61.88 56.18 37.08
Mrr Aged 57.36 42.50 34.08
Msl Fresh 50.63 35.83 25.22
Msl Aged 48.44 20.73 23.02
Mt Fresh 112.52 92.01 60.30
Mt Aged 105.80 63.23 57.10
Mtfresh ´Mtaged 6.72 28.78 3.2
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7.4. Discussion and conclusions on grease degradation
Grease properties vary constantly during operation. Most of the changes to the rhe-
ological properties and oil loss occur at the beginning of grease life due to mechanical
stress (mostly churning). Chemical changes, such as additive exhaustion and form-
ation of oxidation products, occur after approximately half of grease life [226]. All
these changes affect the tribological performance of lubricating greases in a different
manner.
From the analysis of the experimental results, it was verified that whatever the
physico-chemical changes that occurred in lubricating greases, whilst they are still
able to release enough oil to replenish the contact, bleed-oil appears to be the active
lubricant, thus the use of its properties to predict tribological performance might
be satisfactory. As soon as the oil available for lubricating the contact becomes
insufficient, however, in situations of thin films or at very low entrainment speeds,
the bleed-oil is no longer the active lubricant and film formation seems to depend
on grease properties. Consequently, tribological behaviour will depend on the active
lubricant, which in turn depends on the type of grease and the operating conditions.
The different types of active lubricants suggested in the literature are grease material,
degraded or not, deposited in the track (physical absorption) [103] or a material with
enhanced viscosity of additives and/or thickener [168].
Consequently, the greases’ capacity to form and sustain thick boundary layers
with good lubricity during the later stages of grease lubrication, depends mostly on
thickener-additives-surface interaction, plus the hydrodynamic effect generated by
the small amounts of bleed-oil presented in the contact.
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8.1. Conclusions
Chapters 1 - 3 present the main properties of lubricating greases and their com-
ponents in terms of grease formulation and performance (film thickness and friction).
The importance of characterizing grease and its bleed-oil, instead of only characteriz-
ing its components separately, was outlined. It was also shown that base and bleed-oil
properties might be different depending on grease formulation. Furthermore, it was
shown that direct correlation between fresh grease rheological behaviour and base oil
properties with grease tribological performance in short-period tests has not being
achieved so far; this suggests that new approaches need to be developed.
In Chapter 4 the results of the film thickness measurements performed at mod-
erate temperatures, speeds and pressures showed that the main mechanism of lubric-
ating greases, under full film conditions, is the oil released either by bleeding, shear,
or shear-induced bleeding. Under these conditions, grease film thickness might be
predicted by using the bleed-oil properties.
In the event that the speed goes below a critical value, film formation is affected by
the thickener passing through the contact. This critical speed and the film thickness
values under this condition depend on grease formulation and, in the case of the
lubricants used, were higher in the following order of thickener types PP ą Li`Ca ą
Li.
Under starved lubrication, oil availability is reduced and the separating film ap-
pears to be formed by a limited amount of oil that is constantly, but momentarily,
increased by the thickener as it passes through the contact. The frequency with which
the thickener passes through the contact and the increase rate it promotes, for the
lubricants used, also follow the PP ą Li`Ca ą Li order.
In Chapter 5 the results of the ball-on-disc traction tests, performed under fully
flooded and starved grease lubrication, at moderate temperatures and moderate to
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high speeds and pressures, were presented. These results were used as an input for
the SKF friction torque model, thus contributing to a good agreement between the
friction torque measurements and the model. Under fully flooded lubrication, the
transition of the traction regimes from mixed to plateau (shown in the 3D friction
maps) agreed with the calculated specific film thickness (from Λ ă 1 to Λ ą 1). It was
also shown that grease traction behaviour follows the usual and well known trends of
lubricating oils under fully flooded lubrication. The different trends observed under
starved conditions were attributed to the grease film formation.
Chapter 6 showed that the modified Four-Ball machine is an interesting test rig
for measuring the internal friction torque of rolling bearings under a wide range of
operating conditions. This provided a simple way for evaluating lubricant perform-
ance in terms of power loss. Together with the SKF rolling bearing friction torque
model, it provided useful information with which to evaluate the conditions under
which the bearing operates, in terms of sliding / rolling bearing friction torque.
The rolling bearing friction torque developed by SKF was optimized on the basis
of the findings presented in Chapters 3, 4 and 5. This optimization was in good
agreement with the friction torque measurements.
It also shown that grease formulation and in particular the interaction between
thickener, base oil and additives might generate bleed-oils with properties that are dif-
ferent from the corresponding base oils. These can influence the total rolling bearing
friction torque through the replenishment/starvation factor (ϕrs), inlet shear heating
effect (ϕish), lubrication regime (ϕbl) and rolling friction torque (Mrr1). It was also
observed that the traction coefficient varies with speed and temperature (Chapter 5),
according to the sliding friction torque component (Msl) under full film condition.
In Chapter 7 an aging procedure was developed to degrade the lubricating greases
under similar conditions as those for the grease degradation that occurs in rolling
bearings that are run for long periods at high speeds and temperatures. Aged greases
were described and showed significant changes in their physico-chemical properties
that consequently modified the grease lubrication mechanisms. Aged greases might
show significant oil loss, which restricts the oil availability in the contact, reducing
the hydrodynamic film thickness and consequently, increasing the severity of the
contact. Furthermore, additive consumption may also be significant, which allows
for the adhesion of thickener films but restricts the additive boundary film formation.
Under such conditions bleed-oil barely plays a role in film formation and the contact
is mostly lubricated by an enhanced viscous or solid-like film of degraded thickener
with a very small amount of oil entrapped in it. The prediction of the tribological
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performance in this situation requires an understanding of boundary film formation
and its properties.
Grease performance: It was observed that, under full film lubrication, traction
values, i.e., the coefficient of friction under full film lubrication µEHD and the sliding
friction torque Msl mostly depend on the nature of the grease base oil, which follows
the order Mineral ą Ester « PAO oil, whilst grease film thickness hoc and the total
rolling bearing friction torque Mt
1 mostly depend on bleed-oil viscosity.
8.2. Future work
Considering that bleed-oil is the main grease lubrication mechanism in the earlier
stages of grease lubrication, it is clear that is necessary to:
• develop a model for predicting the oil bleed rate of lubricating greases, that takes
into account the grease formulation, properties and morphology, the bearing
type and operating conditions, in order to estimate the bleeding phase, in terms
of the number of cycles;
• investigate bleed-oil more thoroughly in order to determine how the interaction
between grease components affects the bleed-oil viscosity and pressure-viscosity
coefficient;
• characterize the bleed-oil properties at high pressures and shear rates;
• predict the rolling bearing friction torque of grease lubricated roller bearings
(line contact) to improve our knowledge of grease lubricated line contacts. This
work has a significant advantage over the work presented in this thesis, because
film thickness, traction coefficient and rolling bearing friction torque measure-
ments can be performed with the same contact geometry and operating condi-
tions, thus avoiding so many extrapolations.
On the other hand, the estimation of grease performance after the bleeding stage,
which is the condition that rolling bearings operate under for the longest part of their
lives is of extreme importance. Therefore, it is also required to:
• study the grease lubrication mechanisms after significant oil loss;
1Mt is influenced by the bleed-oil viscosity mainly through the rolling friction torque M
1
rr and
weighting factor ϕbl.
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• study the properties of the boundary layers, which appear to be initially formed
by additives and then by degraded thickeners;
• analyse the tribological performance of these boundary layers in terms of film
thickness and traction behaviour;
• study the influence of the products of oxidation on film formation and traction
behaviour.
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Appendix

A. Data correction of the rheological
measurements
The error on rheological measurements can arise from non-parallelism, wall slip,
non- concentricity, edge effects, non-flatness of the plates, gap error and non-constant
shear rate [1].
A.1. Edge effects, wall slip, parallelism, concentricity
and flatness of the plates
The rheometer rotating shafts and plates were checked for run-out, dimensional
and geometric tolerances, excluding or at least reducing the errors associate with
non-parallelism, non-concentricity and non flatness of the plates.
Not so small gaps and rough plates follow by post-analysis of the flow curves were
used to minimize wall slip.
Edge effects include rim fracture and radial migration of grease [227]. These effects
give an important contribution to the shear stress because shear rates and thus shear
stresses are highest at the rim. After each measurement the rim was visually checked
out for edge effects and when needed some of the measured values at high shear rates
were disregarded.
A.2. Gap error
The gap errors were eliminated by a carefully zero gap procedure (see Section 3.8)
together with post-processing of the data using the method described by Davies and
Stokes [115], and briefly described here.
Newtonian fluid was used before and after a series of experiments at the required
temperature to determine the gap error. The measured gap error is used for a cor-
rection of the shear rates. The real shear rate can then be calculate as
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Figure A.1.: Gap correction graph at 40˝C - Newtonian oil.
9γactual “ 9γm δ
δ `  (A.1)
where 9γactual is the actual shear stress, 9γm the measured shear rate, δ the gap height,
and  the gap error.
Newtonian oil with well known viscosity was used to determine the gap error at
40 ˝C . The viscosity was measured for 5 different gap heights - 350, 300, 250, 200
and 150 µm. The gap error was determined with the graphical solution explained by
Davies and Stokes [115] and equation A.2
δ
ηm
“
ˆ
1
ηactual
˙
δ `
ˆ

ηactual
˙
, (A.2)
where ηm is the measured viscosity and ηactual the real viscosity. The quotient δ{ηm
is plotted against the gap setting δ in Figure A.1. The slope of the straight line
(linear fitting through the measurements) determines the actual viscosity 1{ηactual.
The intercept at δ “ 0 gives the {ηactual term from which the gap error can be
determined. In the given example the quotient 1{ηactual « 16, 7 and {ηactual « 285,
from where the real viscosity ηactual “ 0, 06 Pa.s and the gap error  “ 17 µ m
were obtained, respectively. The positive gap error of  “ 17 µm was used for gap
correction. Such gap error shift the results in « 9 %, once the used gap for the flow
tests was 175 µm.
Once the gap error  is known, the shear rate, viscosity and shear stress are easily
corrected using equations A.3 to A.5.
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9γactual “ 9γm δ
δ `  (A.3)
ηactual “ ηm δ
δ `  (A.4)
τactual “ ηactual ¨ 9γactual (A.5)
Since the commanded or measured strain is also affected by gap error in the same
way as the shear rate, the measured values of storage (G1) and loss (G2) moduli
must also be corrected when performing oscillatory experiments according to equation
A.6 [115]. The used gap in the oscilattory tests was 250 µm and therefore the results
were reduced in « 6.5 %.
G “ Gactual “ Gm δ
δ `  (A.6)
where G refers to either G1 and G2.
A.3. Non-constant shear rate
To correct for the non-constant shear rate over the plate radius the shear stress
is calculated from the measured torque as Macosko [80]. Such corrections should be
done after gap correction, and therefore the used input values for shear stress, shear
rate and apparent viscosity are gap-corrected.
T “ 2pi
ż R
0
τr2dr, (A.7)
τ “ T
2piR3
ˆ
3` BlnTBln 9γR
˙
, (A.8)
where τ is the shear stress, 9γR the shear rate at the rim, T the measured torque, and
R the plate radius. Similarly, the apparent viscosity can be calculated,
η “ T {2piR
3
9γR
ˆ
3` BlnpT {2piR
3q
Bln 9γR
˙
(A.9)
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B. Rolling bearing friction torque
B.1. SKF rolling friction torque model
A summary of the SKF friction torque model information available in [8] and [6]
is presented here in the case of grease lubricated thrust ball bearing - THBB 51107
mounted in vertical shafts. Therefore, all constants and equations presented should
not be used for different bearings, lubrication methods or assembly arrangements.
All the figures presented in this appendix depict the typical behaviour of a THBB
51107 running under constant operating temperature of 60 ˝C , loaded with 7 kN,
lubricated with mineral based grease with base oil viscosity of 50 mm2{s at the
operating temperature and entrainment speed from 50 to 100000 rpm. The used
rotational speed values over by far the limits advised for the THBB 51107, but were
used just to characterize all the friction torque variables from very low to very high
ν ˆ nˆ dm parameter.
The total internal friction torque of a grease lubricated THBB 51107 is composed
by the rolling (Mrr) and sliding torque (Msl) components, according to equation B.1.
Mt “ ϕish ˆ ϕrs pGrrpnˆ νq0,6qloooooooomoooooooon
Mrr
`pGsl ˆ µslqlooooomooooon
Msl
(B.1)
B.1.1. Rolling torque - Mrr
There are several sources of rolling friction losses in the rolling contacts, such as
the energy spent to introduce the lubricant into the contact and to reject the excess
(elastohydrodynamic lubrication process) and the elastic hysteresis losses in the steel
(energy dissipation in the deformation process) as shown in Figure B.1. Adhesion
forces between surfaces are another mechanism that can generate rolling friction.
The rolling frictional moment is calculated from equation B.2,
Mrr “ Grrpn.νq0,6 (B.2)
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Figure B.1.: Rolling resistance due to pressure distribution and elastic deformation
[6].
where ν is the kinematic viscosity of the lubricant at the operating temperature in
mm2/s (for grease lubrication base oil viscosity must be used), n is the rotational
speed in rpm and Grr represents the influence of the bearing load on the rolling
resistance and depends on the bearing type, the bearing mean diameter and the
axial load. The load distribution in the different rolling element contacts is added all
together. Grr is given by
Grr “ R1.dm1,83.Fa0,54 (B.3)
where R1 is a geometry constant for rolling frictional moment with value of 1, 03 ˆ
10´6, dm is the bearing mean diameter in mm and Fa is the axial load in N.
The rolling friction resistance is also affected by two reduction factors, the inlet
shear heating (ϕish) and the kinematic replenishment/starvation (ϕrs):
B.1.1.1. Inlet shear heating - ϕish
Inlet shear heating occurs because not all the lubricant present at the inlet of the
contact manages to get inside; some of it will recirculate in the inlet because of the
reverse flow. This recirculation produces heat, since the viscosity of the lubricant is
highly reduced by the temperature; lower viscosity at the inlet of the contact means
lower film thickness and, therefore, lower rolling resistance. This effect is taken into
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account in the SKF friction model by means of the reduction factor ϕish, which is
calculated by
ϕish “ 1
1` 1, 84ˆ 10´9pndmq1,28ν0,64 (B.4)
B.1.1.2. Kinematic replenishment/starvation - ϕrs
The kinematic replenishment/starvation occurs when high speeds or high lubric-
ant viscosities hamper the replenishment of lubricant in the raceway after a rolling
element has passed, since the lubricant will not have sufficient time to flow back from
the sides to the centre of the raceway. This is kinematic starvation, which will pro-
duce a reduction of the lubricant availability in the inlet of the contact and reduce
the film thickness and the rolling resistance. The replenishment/starvation effect is
considered in the SKF friction model by means of the multiplication factor ϕrs. This
factor is a function of the lubricant supply mechanism as well and is calculated by
ϕrs “ 1
e
Krsνnpd`Dq
b
Kz
2pD´dq
(B.5)
where Krs is the replenishment/starvation factor with values of 6 ˆ 10´8 for greases
or oil-spot lubrication and KZ is a bearing type related geometry with value of 3,8.
The typical curve of ϕish and ϕrs for the same inputs of speed, viscosity and bearing
geometry are shown in Figure B.2
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Figure B.2.: Typical variation of the reduction factors ϕish and ϕrs with the operating
parameter ν ˆ nˆ dm.
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This figure clearly shows that the kinematic replenishment/starvation factor (ϕrs)
has a greater influence on the rolling torque that the inlet shear heating factor ϕish
at the same operating condition.
Including the inlet shear heating and the kinematic replenishment/starvation ef-
fects, the rolling resistance can be expressed by
M 1rr “ ϕish ˆ ϕrs ˆGrrpnˆ νq0,6 (B.6)
The typical behaviour of the rolling torque is shown in Figure B.3 including (M 1rr)
and not including (Mrr) the reduction factors.
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Figure B.3.: Typical variation of the rolling torque M 1rr and Mrr with the operating
parameter ν ˆ nˆ dm.
B.1.2. Sliding torque - Msl
The slide-to-roll ratio in thrust ball bearings is very small, but it is always present
and it generates significant friction. One of the sources of this friction is the macro-
sliding caused by contact conformity due to macro-geometry features of the bearing,
e.g., the contact between balls and curved raceways and spinning. The other source is
the micro-sliding, which is caused by geometrical distortions from elastic deformation.
Figure B.4 depicts how sliding friction is produced due to elastic deformation.
The sliding frictional moment is calculated from equation B.7
Msl “ Gsl.µsl (B.7)
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Figure B.4.: Sliding resistance due to elastic deformation in a rolling element with a
curved contact surface [6].
where Gsl represents the influence of the bearing load on the sliding resistance and
depends on the bearing type, the bearing mean diameter and the axial load. The
load distribution in the different rolling element contacts is added together and it is
given by equation B.8
Gsl “ S1.dm0,05.Fa4{3 (B.8)
where S1 is a geometry constant for sliding frictional moment with value of 1, 6ˆ10´2.
µsl is the global coefficient of friction of the rolling bearing (lubricant shearing - µEHL
plus asperity contacts - µbl). It strongly depends on the lubrication regime, which is
defined here by ϕbl. For full film lubrication µsl mostly depends on lubricant shearing
and for boundary lubrication on asperity contacts. It is given by
µsl “ ϕbl.µbl ` p1´ ϕblq.µEHL (B.9)
where µbl is the coefficient of friction in boundary lubrication and therefore strongly
depends on lubricant additive package; and µEHL is the coefficient of friction in full
film lubrication and therefore strongly depends on lubricant rheology and contact
area. ϕbl is the weighting factor for the influence of asperity contact and lubricant
shearing mechanisms. Its meaning is analogous to the specific film thickness Λ and
viscosity ratio k, shown in equations 6.7 and 6.8, and is determined by
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ϕbl “ 1
e2,6ˆ10´8pn.νq1,4dm
(B.10)
The typical curve of ϕbl for the same inputs of speed, viscosity and bearing geometry
are shown in Figure B.5
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Figure B.5.: Typical variation of the weighting factor (ϕbl) with the operating para-
meter ν ˆ nˆ dm.
Figure B.5 indicates that the transition from full film lubrication to mixed lubrica-
tion starts when ϕbl ‰0. For the given example, it happens when νˆnˆdm ď 2ˆ106.
SKF recommends µbl “0,15 and µEHL “0,05 for mineral oils and µEHL “0,04 for
synthetic oils.
The typical behaviour of the sliding torque is shown in Figure B.6 .
The total friction torque (Mt), given by equation B.1, is the sum of the curves
presented in Figures B.3 and B.6. Its typical behaviour is shown in Figure B.7. One
can note that the total friction torque behaves just like a Stribeck curve, presenting
high friction torque values for low ν ˆ n ˆ dm (boundary lubrication), followed by a
significant decrease in the friction torque as ν ˆnˆ dm increases (mixed lubrication)
up to the moment it reaches full film conditions at higher ν ˆ nˆ dm.
The presented frictional behaviours are slightly different for rolling bearing tests
with self-induced temperature, where the viscosity rather than constant varies drastic-
ally with increasing rotational speed.
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B.1. SKF rolling friction torque model
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Figure B.6.: Typical variation of the sliding torque (Msl) with the operating para-
meter ν ˆ nˆ dm.
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Figure B.7.: Typical variation of the total torque (Mt) with the operating parameter
ν ˆ nˆ dm.
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